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M.C. Gyopari 

T o i p o r a l and S p a t i a l V a r i a t i o n s i n the Geochemistry and Mineralogy 
o f the Younger H i s t o r i c Lavas o f Mount Etna, S i c i l y 

ABSTRACT 

A succession o f nine major haw a i i t e lava f i e l d s erupted on t'^unt 
Etna d u r i n g the p e r i o d 1910-1983 have been e x t e n s i v e l y sairpled. 
Whole-rock chemical and petrograpMc data reveal a s i g n i f i c a n t 
s p a t i a l v a r i a t i o n w i t h i n each o f the lava f i e l d s studied and a 
uniform t o r p o r a l v a r i a t i o n i n t l i e succession o f lavas. 

S p a t i a l v a r i a t i o n s i n lava c c n p o s i t i o n w i t h i n i n d i v i d u a l f l ew f i e l d s 
are r e l a t e d t o h i g h - l e v e l magma mixing and c r y s t a l f r a c t i o n a t i o n 
processes. The e f f e c t s o f mixing are demonstrated by incciT^>atible 
t r a c e element chemistry, phenocryst o c n ^ s i t i o n s and petrographic 
t e x t u r e s . Mixing involves several end-member magma ccrrpositions, 
seme o f which can be r e l a t e d t o e a r l i e r eruptions using geochemical 
and v o i c a n o l o g i c a l evidence. The e f f e c t s o f post-mixing c r y s t a l 
f r a c t i o n a t i o n o v e r p r i n t v a r i a t i o n caused by mixing, p a r t i c u l a r l y f o r 
the 1910-1923 lava f i e l d s ; scire pre-mixing f r a c t i o n a t i o n a l s o 
occurs. Strong t i m e - i n t e g r a t e d t r a c e elonent v a r i a t i o n s f o r t l i e 
p e r i o d 1910-1983 take the form o f changing i n c a r p a t i b l e element 
r a t i o s caused by a s i g n i f i c a n t enrichment o f K and Rb and a 
d e p l e t i o n i n Ba, Mb, and Zr w i t h time. The t o r p o r a l v a r i a t i o n i s 
c o n t r o l l e d by sequential m e l t i n g o f a heterogeneous, enriched mantle 
source and i s p a r t i c u l a r l y n o t i c e a b l e i n post-1964 lavas c o i n c i d i n g 
w i t h an increase i n e r u p t i v e volumes and lava b a s i c i t y . 

Magma generated i n t l i e enriched mantle source c o l l e c t s i n a deep 
c r u s t a l storage region (c. 20km deep) where i t f r a c t i o n a t e s t o 
hawaiite.before ascending i n a ser i e s o f i n t e r m i t t e n t , r a p i d pulses 
t o the h i g h - l e v e l pluirbing system. The h i g h - l e v e l c e n t r a l conduit 
and r a d i a l dyke systems are charged w i t h o l d e r , r e s i d u a l magmas o f 
c o n t r a s t i n g t r a c e element chemistry. Ascending new imgma e n t e r i n g 
t h i s r e g i o n mixes w i t h the o l d e r rragma i n the c e n t r a l conduit and/or 
i n the dykes and susequently undergoes c r y s t a l f r a c t i o n a t i o n t o 
v a r i a b l e degrees before e r u p t i o n . 
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CHAPTER 1 

INTRODUCTICW 

1.1 Aims o f Research and Previous \ifork 

The Mount Etna volcano i s located on the eastern seaboard o f S i c i l y and 

r i s e s t o 3340 metres above sea l e v e l . I t i s one o f the most a c t i v e 

c o n t i n e n t a l volcanoes i n the world. The nagmas erupted on Etna 

o r i g i n a t e w i t h i n the upper mantle and subsequently undergo a p o o r l y 

understood ascent t o the e r u p t i o n s i t e . The geochemical and 

petrographic d i a r a c t e r i s t i c s o f lavas erupted a t the surface provide a 

p o t e n t i a l record o f t h i s ascent and o f processes t h a t a f f e c t magma 

composition. I t i s t h i s record which i s i n v e s t i g a t e d here i n order 

t o : -

1) Define s h a l l o w - l e v e l magmatic processes and t h e i r i n t e r 

r e l a t i o n s h i p s . 

2) Define processes o f probable deep-level o r i g i n which cause 

te n p o r a l or e v o l u t i o n a r y changes i n lava c c n p o s i t i o n . 

3) Model t}\e e v o l u t i o n o f the nagma, from i t s source t o Ute p o i n t 

o f e r u p t i o n . 

Hiese ains cure achieved by i n t e g r a t i n g the r e s u l t s f r a n t l i e f o l l o w i n g 

techniques: ( i ) cat?)rehensive sanpling f r o n a conplete t e n p o r a l 

succession o f e r u p t i v e products; ( i i ) h i g h - p r e c i s i o n i i a j o r aiid t r a c e 



element ch e n i c a l a n a l y s i s o f these erv^Jtive products; ( i i i ) p e t r o 

graphic and microprobe s t u d i e s ; ( i v ) observations o f v o l c a n o l o g i c a l 

c h a r a c t e r i s t i c s . Lavas erupted f r o n Etna i n the p e r i o d 1910 t o 1983 

have been chosen f o r i n v e s t i g a t i c H i because the 1910 lava f i e l d belongs 

t o the e a r l i e s t e r u p t i v e event r e t a i n i n g good exposure a t the time o f 

sairpling i n a c o n t i n u a l sequence o f lavas extending back f r o n the most 

recent 1983 e r u p t i v e event. Nine rtajor lava f i e l d s were erupted i n 

t h i s p e r i o d which represent a d i v e r s e s e l e c t i o n o f e r u p t i v e - a c t i v i t y , 

mostly flaxik f i s s u r e eruptions e x h i b i t i n g d i f f e r e n c e s i n l o c a t i o n , 

volume, d u r a t i c x i , and a l t i t u d e ; lavas belonging t o a sunmit e r u p t i o n 

are a l s o included. These lava f i e l d s were erupted i n 1910, 1911, 1923, 

1928, 1947, 1964, 1971, 1981, and 1983, the c h a r a c t e r i s t i c s o f which 

are presented i n t a b l e 1.1 and t h e i r l o c a t i o n s are i l l u s t r a t e d i n 

f i g u r e 1.1. 

The study o f the petrogenesis o f the h i s t o r i c a l k a l i c b asalts has been 

subject t o a hea l t h y i n t e r e s t , p r i m a r i l y from I t a l i a n , B r i t i s h and 

French teams. A wealth o f petrographic and geochemical i n f o r m a t i o n has 

been produced over the l a s t tvjo decades steimiing frcm the a v a i l a b i l i t y 

o f modem a n a l y t i c a l techniques. Important e a r l y studies o f t h i s 

p e r i o d concerned w i t h the petrogenesis o f the b a s a l t s , came f r o n 

workers such a s . C r i s t o f o l i n i (1971, 1973), Romano (1970), Duncan (1976, 

1978), Rittmann (1974), Tanquy (1966), Lo Giuduce (1971). This work 

tended t o concentrate on the establishment o f the p e t r o l o g i c a l 

c h a r a c t e r i s t i c s o f lavas belonging t o the a l k a l i c s u i t e ( c f chapter 3 ) . 

I t a l s o concentrated upon the c c n p o s i t i o n a l v a r i a t i o n s w i t h i n the s u i t e 

as a whole which were l a r g e l y concluded t o be c o n t r o l l e d by lew-
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Table 1.1 

Volcanolcgical C h a r a c t e r i s t i c s o f the 1910 - 1983 Eruptive Events 

1910 1911 1923 1928 1947 1964 1971 1981 1983 

Type o f er u p t i o n f l a n k f l a n k f l a n k f l a n k f l a n k sub- f l a n k f l a n k f l a n k 
f i s s u r e f i s s u r e f i s s u r e f i s s u r e f i s s u r e t e r m i n a l f i s s u r e f i s s u r e f i s s u r e 

Duration 26 days 13 days 32 days 18 days 16 days 140 days 69 days 6 days 131 days 

l o c a t i o n S f l a n k NE f l a n k NE f l a n k E f l a n k N f l a n k SUHPlit S+E f l a n k s N f l a n k S f l a n k 

A l t i t u d e o f e r u p t i v e 2350 - 2550 - 2500 - 2600 - 3050 - 3175 - 3000 - 2625 - 3000 -
vents (metres a . s . l . ) 1950 1650 1800 1200 2225 2900 1800 1125 2250 

FLOWS: 
N,NNE & S, SE, ESE , 

d i r e c t i o n S NE NE & ENE ENE & E NNW E SSf^, ENE, E N S 
mx. length, km 10 7.5 11 8 6 21 7 8 7.5 
estimated volume, 
xl0*m^ 44 63 78 40 10.5 ? 75 20 100 

e f f u s i o n r a t e , m^/sec 19.8 57.5 28.4 27.3 7.6 ? 13 7.5 8.9 



pressure c r y s t a l f r a c t i o n a t i o n . The e r u p t i o n o f 1971 focussed 

a t t e n t i o n upon a s i n g l e e r u p t i v e event and r e s u l t e d i n sanpling f r o n 

the a c t i v e flows i n t e g r a t e d w i t h good v o l c a n o l o g i c a l observations 

(Tanguy, 1973; RcnBno and S t u r i a l e , 1973; Dcwnes, 1973). These studies 

were l i m i t e d t o major element data, but conbined w i t h petrographic 

evidence, the irrportance o f such an i n v e s t i g a t i o n was r e a l i s e d as small 

w i t h i n f l o v c o r p o s i t i o n a l v a r i a t i o n s (Ronano and S t u r i a l e , 1973) could 

be used t o mDdel s h a l l o w - l e v e l magmatic processes p r i o r t o e r u p t i o n . 

More r e c e n t l y , p e t r o l o g i c a l i n v e s t i g a t i o n o f recent lavas has beccme 

rrore vigorous w i t h extensive sampling programmes and h i g h - p r e c i s i o n 

a n a l y t i c a l data i n c o r p o r a t i n g t r a c e element and isotope data. Recent 

studies include C r i s t o f o l i n i e t . a l . (1984), Scott (1983), Carter and 

C i v e t t a (1977), Tanguy and Q i l o c c h i a t t i (1984), Joron and T r e u i l 

(1984), A r m i e n t i e t . a l . (1984). C r i s t o f o l i n i e t . a l . (1984) c a r r i e d 

out a d e t a i l e d petroyraphic and geochemical i n v e s t i g a t i o n , using 

d e t a i l e d t r a c e element data, on the recent lavas o f 1978-1981 which 

were ccnpared t o o l d e r a l k a l i v o l c a n i c s . Evidence f o r a heterogeneous 

mantle source and s h a l l c w - l e v e l c r y s t a l f r a c t i o n a t i o n were concluded. 

This study, however, was r e s t r i c t e d by the small numbers of sanples 

f r a n each o f the f l e w f i e l d s . Tanguy and C h l o c c h i a t t i (1984) a l s o 

studied recent lavas from the 1977-1983 p e r i o d and c a r r i e d out a 

d e t a i l e d petrographic and major element examination concentrating on 

ten^xDral v a r i a t i o n . This study was hampered by a s c a r c i t y o f sanples 

f o r i n d i v i d u a l e r u p t i v e events but recorded an abnormal K20/Na20 

behaviour i n cor^jarison t o o l d e r lavas w i t h marked enrichment o f K20 i n 

t i i e recent products. Joron and T r e u i l (1984) a t t e n d e d a more general 

study o f ten^x^ral t r a c e element v a r i a t i o n throughout the e n t i r e 



eruptive history of Etna. A recent enrichment of K , FEb and rare 

a l k a l i metals was recorded which they attributed to sel e c t i v e c r u s t a l 

contamination of the lavas. Armienti et. a l . (1984), in contrast, have 

extensively sanpled the 1983 lavas during the erv^Jtion. This study was 

re s t r i c t e d to major element and petrographic data but was integrated 

with inportant volcanological observations frcm the en-5)tion. Shall 

within- flow ootpositional variations were recorded and related to 

variations i n effusion rate with evidence of shallcw-level, short term 

iTBgma storage prior to eruption. Scott (1983) investigated the 

petrology of the 1981 flew f i e l d by extensively sanpling the lavas 

during eruption, tiius achieving good volcanologicai control for the 

sanples ( i e r e l a t i v e age, altitude erupted, effusion r a t e ) . High 

quality major and trace elanent data and petrography, ocmbined wit3i the 

volcanological evidence and geophysical studies on subsurface magma 

movement (Sanderson, 1983), enabled detailed petrogenetic modelling of 

magma i n the high-level system. Significant corpositional variations 

were explained i n terms of mixing residual magma from a preceding 

eruption witli fresh magma of similar ccnposition during the f i l l i n g of 

the high-level system. 

l b study the petrogenesis of the Etnean lavas, Scott (1983) and 

ArTnienti^( 1984) c l e a r l y shew the need for vigorous sanpling within 

individual flew f i e l d s , high-precision a n a l y t i c a l data, volcanological 

observations and integration with geophysical data during the eruption 

when available. The present study f u l f i l s these requirements and, 

furthermore, investigates a chronological succession of eruptions i n 

such a manner as to provide detailed infonmtion on temporal changes i n 

lava cenpositien. 



1.2 Regional Geology 

Etna i s s i t u a t e d i n a g e o l o g i c a l l y cxarpiex region a t the j u n c t i o n o f 

the A f r i c a n and Eurasian p l a t e s i n an area kncwn as the 

C a l a b r i a n - S i c i l i a n Arc w i t h i n the Alpine erogenic b e l t - Intense 

c r u s t a l deformation i n t h i s r e g i o n r e s u l t e d frcm the closure o f the 

Mesozoic Tethys Ocean and culininated w i t h the c o l l i s i o n o f the two 

c o n t i n e n t a l masses i n the e a r l y T e r t i a r y . Accounts t o e x p l a i n the p l a t e 

t e c t o n i c e v o l u t i o n o f the area (Dewey e t . a l . 1973; McKenzie, 1972; 

B i j u - I X i v a l e t . a l . 1977) are i n c o n s i s t e n t , r e f l e c t i n g a lack o f 

d e t a i l e d i n v e s t i g a t i o n and the c c n p l e x i t y o f the region (Chester e t . 

a l . 1985). V7ezel (1982) proposed t h a t the recent t e c t o n i c s and 

volcanism are i n f a c t the r e s u l t o f i n t r a - p l a t e d e f o n r a t i o n r a t h e r 

than the convergence of tv^o l i t h o s p h e r i c p l a t e s . The volcanism i n t h i s 

area was suggested t o be due t o post-orogenic i n t r a c o n t i n e n t a l 

e x t e n s i o n a l t e c t o n i c s . 

Figure 1.2 i s a nap o f the r e g i o n a l geology o f the Etnean area showing 

the main features o f the C a l a b r i a n - S i c i l i a n Arc region. S i c i l y and 

Calabria represent an 'outer' arc c o n p r i s i n g a t h i c k sequence o f t h r u s t 

nappes and f l y s c h deposits enplaced f r a n the n o r t h over the A f r i c a n 

carbonate f o r e l a n d . The Eolian Islands form an inner volcanic arc (eg-

Strcmboli, Vulcano) behind which l i e s the Tyrrhenian Sea f l o o r e d w i t h 

oceanic type c r u s t i n t e r p r e t e d as a backarc basin (Di Girolamo, 1978). 

The A f r i c a n - European p l a t e boundary i s speculated t o pass t o the n o r t h 

o f Etna through northern S i c i l y (McKenzie, 1972) as shown i n f i g u r e 
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1.2- There i s no evidence f o r a c t i v e subduction here but Barberi e t . 

a l . (1974) recognise a c t i v e subduction i n the I o n i a n Sea t o the east. 

A s e d i m e n t - f i l l e d trench along the Ionian coast o f Calabria 

may mark the s i t e o f l i t h o s p h e r i c consunption. Seismic data (Caputo 

e t . a l . 1970) show a probable n o r t h - w e s t e r l y d i p p i n g B e n i o f f zone 

beneath Calabria r e s u l t i n g i n the c a l c - a l k a l i n e / s h o s h o n i t i c v o l c a n i c i t y 

o f the E o l i a n Arc (Barberi e t . a l . 1974). The lack o f oceanic c r u s t i n 

the I o n i a n Sea i s considered by Barberi e t . a l . t o i n d i c a t e t h a t 

consuiTption o f oceanic c r u s t i s ocirplete. The i n t e r p r e t a t i o n o f the 

Tyrrhenian Sea area as a backarc marginal basin i s subject t o major 

c o i p l i c a t i o n s (Chester e t . a l . 1985) since the spreading o f t l i e 

Tyrrhenian Sea dates back t o 7ma (Scandone, 1979) b u t Eolian Arc 

volcanism i s less than Ima. Furthenrore, the shoshonitic a c t i v i t y o f 

the Eolian i s l a n d arc i n d i c a t e s a s e n i l e stage o f development; t o 

achieve t h i s i n less than Ijna r e q u i r e s an u n r e a l i s t i c r a t e o f 

li t h o s p h e r e consurrption ( P i c h l e r , 1980). 

Volcanism i n eastern S i c i l y i s concentrated i n two centres, the I b l e a n 

Mountains and Mount Etna. V o l c a n i c i t y i n the I b l e a n Mountains was o f 

Miocene t o Pleistocene age and o f a t h o l e i i t i c t o a l k a l i n e nature. 

Post- Pleistocene t o present day a c t i v i t y i s centred a t Etna and i s 

l a r g e l y o f a m i l d l y a l k a l i n e nature. Ihe a c t i v i t y i n t h i s r e g i o n i s 

very d i f f e r e n t t o t h a t o f the nearby Eolian Islands and has more i n 

coTTTon w i t h Hawaiian 'hot spot' volcaiiism caused by rrantle d i a p i r i s m . 

Etna i s s i t e d on c o n t i n e n t a l c r u s t which has a thickness o f 30-35km 

(Chester e t . a l . 1985) and i s a region o f a c t i v e u p l i f t and extensional 

t e c t o n i c s ( G r i n d l y , 1973). Barberi e t . a l . (1974) suggest t h a t the 

d i s t e n s i v e volcanism i n t h i s area, w i t h i n a region o f o v e r a l l 



ccn^Jression, has developed between the locked part of the African Plate 

i n S i c i l y and the active part of the plate i n the Ionian Sea. 

The distensive tectonism in the Etnean region i s controlled by major 

tensional f a u l t systestis; the volcano lying at the intesection several 

of these faults (figure 1.2): NNE-SSW Messina-Giardini normal f a u l t s ; 

ENE-WSE s i n i s t r a l , s t r i k e - s l i p f a u l t s ; ESE-WbJW Tindari-Letojanni 

f a u l t s ; E-V-/ Monte Kumeta-Alcantara f a u l t . These tensional fractures 

may play an inportant role i n nagiTB transport through the crust 

( C r i s t o f o l i n i et. a l . 1977). 

The Etnean basement rocks are largely allochthanous and consist of a 

thick sequence of thrust nappes arplaced towards the south over the 

African, or Iblean, foreland i n the l a t e Eocene to mid-Miocene 

(Lentini, 1982). The foreland, exposed i n southern S i c i l y i n the 

Iblean Mountains, i s composed of carbonates of upper T r i a s s i c to 

Oligocene age and unaffected by the Alpine Orogeny. Within the 

overlying allochthonous sequence, units which are s t r u c t u r a l l y the 

highest originate frcm the more internal zones of the orogenic b e l t 

(Lentini, 1982). The sequence of units, starting with the highest 

str u c t u r a l unit i n the north, are as follows (Lentini, 1982): 

NORTH unit 

Internal Calabride Units 
Zones 

Mt. Soro Unit 

S i l i c i d e Units 

Panormide Unit 

External Bcisal Ccnplex 
Zones 

SOUTH 

s t r u c t u r a l i n t e r p r e t a t i o n age 

several nappes c o n t a i n i n g 
g r a n i t e s , gneisses, s c h i s t s 

- c r y s t a l l i n e basement 

clays, limestones and f l y s c h Malm-Cret 

Mostly c l a y s , sandstones and Cret-
limestones. Eocene 

-eugeosynclinal d e p o s i t i o n 

carbonates Up.Cret-
- m i o g e a n t i c l i n a l d e p o s i t i o n Oligocene 

Numidian Flysch T r i a s -
Mt. Judica U n i t i-liocene 

-miogeosynclinal d e p o s i t i o n 
10 



I n suTTinary, Etna i s s i t u a t e d cn the edge o f the A f r i c a n Plate i n a 

region o f intense c r u s t a l deformation caused by c o n t i n e n t a l c o l l i s i o n 

i n the e a r l y T e r t i a r y . I t i s an area o f l o c a ^ l i s e d i q p l i f t and 

extensional t e c t o n i c s , the volcano being s i t e d a t the i n t e r s e c t i o n o f 

several n e j o r f a u l t s . The basement co n s i s t s o f allochthonous nappe 

u n i t s above A f r i c a n c o n t i n e n t a l c r u s t , the t o t a l c r u s t a l thickness 

being i n the region o f 35km. 

1.3 Volcanic H i s t o r y 

Ihe e a r l i e s t v o l c a n i c a c t i v i t y on Etna was o f a t h o l e i i t i c nature which 

dates back t o the Lower Pleistocene between 700,000 and 500,000 years 

BP (Rcmano, 1982). T h o l e i i t i c lavas a t the base o f the volcanic p i l e 

are l a r g e l y covered by younger products but crop out on tihe Icwer 

eastern f l a n k i n the v i c i n i t y o f A c i t r e z z a and A c i c a s t e l l o , and on the 

western f l a n k i n the Adrano and Patemo areas. The basal t h o l e i i t e s i n 

the east were erupted i n t o a sutmarine environment, p i l l o w lavas and 

h y a l o c l a s t i t e s being c h a r a c t e r i s t i c features i n t h i s area. The lavas 

were a l s o i n t r u d e d a t shallow depths i n t o marine Lower Pleistocene 

S i c i l i a n clays ( C r i s t o f o l i n i , 1973). The lavas were probably erupted 

f r o n f i s s u r e s transectLijig t l i e c o a s t l i n e (Rittmann, 1973). The 

t h o l e i i t i c lavas i n the west are s u b a e r i a l , and although they are 

s l i g h t l y younger than the sutmarine lavas, belong t o the same phase o f 

volcanism as the eastern lavas (E^oiano, 1982). The suba e r i a l lavas 

were f l o o d e f f u s i o n s o f a very f l u i d , pahoehoe nature o v e r l y i n g f l u v i a l 

sediments i n the Simeto V a l l e y (Chester and Duncan, 1982). These lavas 
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now l i e on t e r r a c e 7 (Duncan, 1978), the uppermost t e r r a c e o f the r i v e r 

Simeto, up t o 35an above the present r i v e r i l l u s t r a t i n g the s i g n i f i c a n t 

t e c t o n i c u p l i f t t h a t i s o c c u r r i n g i n t h i s area (Chester e t . a l . , 1985). 

The t h o e i i t i c b a s a l t s represent less than 1% by volume o f the t o t a l 

v o l c a n i c produce o f Etna (IXincan, 1978). 

Subsequent t o the e a r l y t h o l e i i t i c a c t i v i t y and a f t e r a considerable 

time gap (Chester e t . a i . , 1985), a l l younger a c t i v i t y has been o f a 

m i l d l y a l k a l i n e nature frcm c e n t r a l vent volcanoes. Fran the onset o f 

a l k a l i c a c t i v i t y t o the present there have been several i r r e g u l a r l y 

superinposed s i r t p l e volcanoes overlapping i n time and space on t h i s 

s i t e ( C r i s t o f o l i n i e t . a l . , 1982). The ancient a l k a l i c centres are 

exposed i n the w a l l s o f the V a l l e d e l Bove, a major c a l d e r a - l i k e 

depression doninating the present eastern f l a n k and caused by a major 

explosive event and extensive g r a v i t y s l i d i n g (McGuire, 1985). I t 

appears t h a t there has been no c o n s i s t e n t m i g r a t i o n o f tl\e ancient 

centres, though most l i e to the southeast o f the p r e s e n t l y a c t i v e 

c e n t r e , Recent Mongibello, because o f the good exposure i n the V a l l e d e l 

Bove. 

Post t h o e i i t i c a c t i v i t y ocnmenced a f t e r s i g n i f i c a n t u p l i f t w i t h the 

c o n s t r u c t i o n o f a series o f s u b a e r i a l strato-volcanoes (Rittmann, 

1973). The f i r s t o f these i s thought t o be the Calanna centre, exposed 

i n the southeast comer o f the V a l l e d e l Bove, belonging t o the 

T r i f o g i i e t t o phase o f a c t i v i t y (McGuire, 1982). Although s t r o n g l y 

eroded, the Calanna cone i s recognised by vent agglcmerates and i s 

associated w i t h a caldera. Tardaria and T r i f o g i i e t t o I centres a l s o 

belong t o t h i s phase o f a c t i v i t y but t h e i r s t a t u s as i n d i v i d u a l centres 

12 



i s disputed (Chester e t . al.,1985). 

The T r i f o g l i e t t o I I centre i s w e l l e s t a b l i s h e d , o c c u r r i n g 4km southeast 

o f the present sumnit cone and west o f p r e - T r i f o l i e t t o a c t i v i t y . This 

centre was consructed w i t h i n and overlapping the Calanna caldera and 

may c a t p r i s e several superinposed centres (Chester e t . a l . , 1985). 

Most o f the products r e l a t e d t o t h i s centre have been removed by the 

formation o f the V a l l e d e l Bove. P y r o c l a s t i c deposit^s are found a t the 

base o f the T r i f o g l i e t t o I I sequence (McGuire, 1982) which are o v e r l a i n 

by lavas o f haw a i i t e to mugearite c c r ^ s t i o n . Thick ashes and lahars 

are a l s o found and are r e l a t e d t o phreatcmagmatic a c t i v i t y . . The centre 

i s dated a t around 20,000 t o 60,000 BP (Chester e t . a l . , 1985). 

A s e r i e s o f superiirposed p o s t - T r i f o g l i e t t o I I a l k a l i c centres belong t o 

the Ancient ^tongibello phase and are recognised i n the w a l l s o f the 

V a l l e d e l Bove t o the nortliwest o f the e a r l i e r s i t e s o f a c t i v i t y . 

These centres are associated w i t h evolved lavas o f haw a i i t e t o 

benmDreite composition (see chapter 3 f o r the c l a s s i f i c a t i o n scheme f o r 

the a l k a l i c lavas) w i t h tgnimbites and b r e c c i a dcanes associated w i t h 

the more evolved lavas. The Ancient Mongibello succession i s as 

f o l l o w s : 

Centres Products Events Age 

Leone hawaiite-benmoreite 

E l l i t t i c o hawaiite-benmoreite 

Belvedere hawaiite-mugearite 

V a l a l a c i hawaiite-benmoreite 

caldera c o l l a p s e 

caldera c o l l a p s e 

5-6000 BP 

caldera c o l l a p s e 18,000 BP 
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Present a c t i v i t y occurs from the Recent Mongibello centre vstiich has 

been a c t i v e f o r the l a s t 3,000-5,000 years. This centre i s 

characterised by predominantly e f f u s i v e volcanism and has the s t r u c t u r e 

o f a s h i e l d volcano (Rittman, 1973) s i t e d on the remnants o f the o l d e r 

volcanoes. Lavas from Recent Mongibello are more basic than those from 

previous centres and are mainly hawaiites. The Piano Caldera i s a 

major f e a t u r e o f the present centre, v i s i b l e as a broad r i d g e around 

the sumnit cone and probably l a s t a c t i v e i n 1669 (Chester e t . a l . , 

1985). The caldera has been f i l l e d w i t h lavas o f r e l a t i v e l y recent age 

and the sumnit cone has developed w i t h i n i t . 
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1.4 Volcanology 

1.4.1 ErL53tive a c t i v i t y 

Ihe e r u p t i v e a c t i v i t y o f the Recent Mongibello centre f a l l s i n t o two 

caregories: 

1. Continuous or p e r s i s t e n t sunmit a c t i v i t y w i t h low 

e f f u s i o n r a t e s {<ljn s ) . 

2. Large volume, h i g h e f f u s i o n r a t e a c t i v i t y o f l i m i t e d 

d u r a t i o n as f l a n k f i s s u r e e r u p t i o n s . 

The sunmit region o f Etna i s c o n t i n u a l l y changing due t o p e r s i s t e n t 

a c t i v i t y f r o n the four vents o f the present c e n t r a l c r a t e r system. Two 

o f these c r a t e r s are surrmit, or t e r m i n a l vents (Rittmann, 1973) and are 

kncwn as the Bocca Nuova and the Chasm. The resnaining two are 

subterminal vents on the f l a n k s o f the s u i m i t cone, these are the 

Northeast Crater ( p r e s e n t l y the highest p o i n t on the mountain) and the 

Southeast Crater. P e r s i s t e n t a c t i v i t y i s n o n r a l l y centred on one or 

more o f these vents and the type o f a c t i v i t y r e f l e c t s the height o f the 

magma column i n the c e n t r a l conduit (Chester e t . a l . , 1985). V i o l e n t 

S t r o n b o l i a n type a c t i v i t y may p e r s i s t f o r long periods when the magma 

i s near t o the surface r e s u l t i n g i n the c o n s t r u c t i o n o f p y r o c l a s t i c 

cones o f eject e d ash t o banb size j u v e n i l e m a t e r i a l , a n a l l volumes o f 

lava may als o s p i l l over the c r a t e r riins o r onerge from the base o f the 

subterminal cones (eg. Northeast Crater) along f i s s u r e s t r a n s e c t i n g the 
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sunmit region. targe-scale groud c o l l a p s e events a l s o c h a r a c t e r i s e 

the surmiit region p a r t i c u l a r l y when the magma column i s lew o r f a l l i n g 

causing enlargement o f p r e - e x i s t i n g c r a t e r s and the development o f new 

p i t s . 

Large volume, h i g h e f f u s i o n r a t e a c t i v i t y takes place on the f l a n k s 

frcm f i s s u r e s which migrate dewnslope. Fissure a c t i v i t y i s 

concentrated along w e l l - d e f i n e d r i f t zones which r a d i a t e from the 

c e n t r a l c r a t e r , c o n t r o l l e d by the r e g i o n a l t e c t o n i c s . These r i f t zones 

are; a northeast r i f t zone along which a h i g h p r o p o r t i o n o f recent 

a c t i v i t y has taken place producing a prcminent r i d g e ; a southern r i f t 

zone which i s the s i t e o f the most recent a c t i v i t y (1983-1986); western 

and south-southeastern zones which are r e l a t i v e l y minor and are marked 

by l i n e s o f cinder cones. The d u r a t i o n o f a f l a n k e r u p t i o n i s between 

a few days and, i n the extreme case, up t o several years (Guest, 1982). 

However, 50% o f f l a n k eruptions l a s t less than 25 days. Volume o f 

e r u p t i o n i s a l s o h i g h l y v a r i a b l e , 50% o f eruptions are less than 34x10^ 

m̂ , but range between a few m i l l i o n cubic metres t o two or more cubic 

k i l c m e t r e s (Guest, 1982). 

E f f u s i v e vents c^jen a t v a r i a b l e i n t e r v a l s along the f i s s u r e l e n g t h , 

which may extend f o r several k i l c m e t r e s . Strombolian a c t i v i t y (and 

more r a r e l y f i r e f o u n t a i n i n g ) b u i l d s up a s e r i e s o f cinder cones or 

s p a t t e r raitqparts over the e f f u s i v e vents which may migrate down the 

f i s s u r e . Lava i s normally emnitted i n l a r g e volumes from the base o f 

the cones, or where th e r e i s l i t t l e e xplosive a c t i v i t y , d i r e c t l y frcm 

p o i n t s on the f i s s u r e from s n a i l pools o f lava. 
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Flank eruptions produce large blocky, or Aa, flew f i e l d s which 

i n v a r i a b l y extend f o r many ki l o m e t r e s f r o n the source vents. The 

average f l e w l e n g t h i s about 5km and t y p i c a l thicknesses range between 

2m and Iftn (Guest, 1982). The flow f i e l d s have a d i v e r s e form, ranging 

from long, t h i n flows t o wide fan shaped flows both o f which rmy 

b i f u r c a t e downslope. Those o f long d u r a t i o n are normally ccnpound w i t h 

numerous overlapping flew u n i t s w h i l s t s i n p l e f l o w - u n i t s , c o n s i s t o f .a 

s i n g l e flow and are wore c h a r a c t e r i s t i c o f s h o r t d u r a t i o n flows (<48 

h o u r s ) . Well- e s t a b l i s h e d flows are confined t o channels which develop 

levees o f c l i n k e r ('rubble' levees o f Sparks e t . a l . , 1976) by the 

avalanching o f rubble en the steep flew f r o n t s . Lava o f t e n breaches 

the levees, d i v e r t i n g seme lava i n t o breakout lobes, p o s s i b l y caused by 

a blockage i n the i m i n channel. A comnon f e a t u r e o f long d u r a t i o n flow 

f i e l d s i s the development o f lava tubes by the roofing-over o f the main 

channel, p a r t i c u l a r l y near t o the vent area, which rray then extend f o r 

considerable distances enabling the lava t o t r a v e l f u r t h e r . Lava 

escaping from t l i e tube, e i t h e r a t the end or through s k y l i g h t s form 

ephemeral boccas ( v e n t s ) . 

The blocky c l i n k e r fragments on the flew surface are 5-20cni i n diameter 

and tend t o be welded t o the t h i c k , massive f l e w i n t e r i o r which i s 

normally 0.5-2m t h i c k . Pahoehoe flow morphologies w i t h i n aa flew 

f i e l d s o c c a s s i o n a l l y develep where the shear stresses are lew enough 

near t o the e f f u s i v e boccas, channel o v e r s p i l l s and small e f f u s i o n s 

through t u m u l i over lava tubes. 

Flank eruptions have an average e f f u s i o n r a t e o f "'8m*3sec.(Chester e t . 

a l . 1985), although i t i s h i g h l y v a r i a b l e d u r i n g a s i n g l e e r u p t i o n and 
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g e n e r a l l y h i g h e f f u s i o n rates tend t o be associated w i t h s h o r t - l i v e d 

eruptions (few days). There i s a r e l a t i o n s h i p between the l e n g t h o f a 

f l o w and the e f f u s i o n r a t e , h i g h e f f u s i o n r a t e s produce longer flows 

(Walker, 1973; Wadge, 1978; l£ipes and Guest, 1982) which tend t o occur 

from vents a t lower a l t i t u d e s . Guest e t . a l . (1987) show t h a t short 

d u r a t i o n , h i g h e f f u s i o n r a t e flows (eg., 1981) have f l e w lengths 

l i m i t e d by the volume o f m a t e r i a l en^Jted. However, long d u r a t i o n , lew 

e f f u s i m r a t e lavas (eg., 1983) produce m u l t i p l e , cenpound f l e w f i e l d s 

w i t h lobe l e n g t h being c o n t r o l l e d by e i t h e r breaching r e s u l t i n g from 

blockage, c o o l i n g a t the f l o w rrorgin, or v a r i a t i o n s i n e f f u s i o n r a t e . 

The development o f the f l o w f i e l d i s , i n a d d i t i o n t o e f f u s i o n r a t e and 

t o t a l volume erupted, a l s o governed by lava rheology and topography 

(Walker, 1973). 

Wadge e t . a l . (1975) show t h a t f l a n k eruptions have a t t a i n e d a steady-

s t a t e output over the l a s t t w ce n t u r i e s which averages 0.17m*3/sec'. 

This p o s s i b l y i n d i c a t e s a steady s t a t e output f r a n the source region. 

CXoring t h i s p e r i o d there has been approxijnately one f l a n k e r u p t i o n 

every e i g h t years but the repose p e r i o d i s i r r e g u l a r and depends t o 

seme extent on the s i z e o f the preceeding e r u p t i o n (Guest, 1982), long 

eruptions normally producing long repose times. However, t h i s p a t t e r n 

has been broken i n recent times and there have been seven f l a n k 

eruptions i n the p e r i o d 1971-1981 (V/adge and Guest, 1981) corresponding 

t o an increased steady s t a t e output over t h i s p e r i o d t o 0.7m^3/sec. 

This phenomenon i s r e f l e c t e d i n the t r a c e element geochemistry o f 

post-1971 lavas and i s discussed i n l a t e r chapters. 
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1.4.2 Plumbing Syston 

The pathway of upper mantle-generated nagma through the crust and up 

into the high-level plumbing system of the volcano prior to eruption i s 

highly oonplex and far from well-understood. A rrodel for the present-

day plumbing system can be constructed fran several geophysical 

methods; 

- Ground deformation studies (Wadge, 1976, 1977; Murray et. a l . , 1977; 

Murray and Guest, 1982; Murray and Pullen, 1984) provide evidence for 

magma movement at shallow depth. 

- Seismic studies (Cosentino et. a l . 1982; Sharp et. a l . , 1980) 

provide evidence for magma storage areas and ascent pathways. 

- Gravimetric studies (Klerkx and Evrard, 1970; Sanderson, 1982) can 

trace magma movements at shallov depth. 

These methods, together with petrological evidence, can provide an 

insight to the magmatic plumbing system of Etna. 

Seismic studies (Sharp et. a l . 1980) have id e n t i f i e d a prolate 

e l l i p s o i d a l , low velocity ancmaly, 22 x 31 x 4 km, orientated NNE at a 

depth of '"20km beneath Etna. This i s interpreted as a deep c r u s t a l 

magma storage region ccn^osed of a dense network of dykes. The same 

study i d e n t i f i e d the Moho at 27km. Magma generated i n the i^sper imntle 

enters t h i s storage region where i t may reside for unkncwn periods and 

i s subsequently released to higher l e v e l s , either a t a constant rate or 
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in pulses i n response to the l o c a l s t r e s s f i e l d . The magma then 

follows a rapid, tortuous fracture-cxjntrolled route \jp the central 

conduit system to the high-level plumbing system within the volcano. 

The r e s u l t s of ground defoniBtion studies (Guest and Duncan, 1981) 

strongly suggest that there i s no high-level magma chamber or storage 

region at present. Magna r i s e s d i r e c t l y fron depth and can r i s e freely 

up an open central oonduit to feed seismically quiet, persistent sunmit 

a c t i v i t y . Alternatively, magna nay escape l a t e r a l l y by passively or 

forcibly entering v e r t i c a l dykes propogating away frcm the central 

conduit, possibly controlled by the regional tectonics, to feed flank 

eriiptions. Ihe opening of the f i s s u r e s diverts magma frcm the central 

conduit, allowing the lava to be released to the surface at a higher 

effusion rate than through the small cross-sectional area of tlie 

central conduit (Chester et- a l . , 1985). 

Murray and Pullen (1984) traced the development of the feeder dyke 

supplying the 1983 erupticn by performing l e v e l l i n g traverses before, 

during and after the e n ^ i o n on the south flank. The feeder conduit 

was identified as a v e r t i c a l dyke which extended horizontally fran a 

point beneath the Southeast Crater. The dyke was shown to follow a 

tortuous path to the eruption s i t e which bifurcated near to the 

surface, although one branch did not a t t a i n the surface. The majority 

of f i s s u r e eruptions are probably s i m i l a r l y fed by horizontally 

propogating dykes (Murray and Pulien, 1984). 

Most flank eruptions cu:e associated with degassed nagna and mild 

explosive a c t i v i t y . However, some flank eri^Jtions are highly explosive 

20 



being related to gas-rich magma and build up large cinder cones. 

Rittmann (1973) explains the l a t t e r i n terms of eccentric eruptions fed 

d i r e c t l y from depth ty v e r t i c a l feeder conduits to account for t h e i r 

v o l a t i l e - r i c h nature. Guest and Duncan (1981) though postulate that 

such a c t i v i t y i s fed tjy steeply inclined dykes which s p l i t fron the 

centred conduit at depth. V o l a t i l e - r i c h flank eruptions may, hcwever, 

res u l t from variations i n high-level residence time ( i e . short 

residence times r e s u l t i n gas*rich magma), variations i n centred 

conduit diameter or blockage of the central conduit preventing 

degassing (Murray and Pullen, 1984). 

Although there i s no high-level magma chamber at present, open dykes 

my act as tenporary storage areas which can be f i l l e d without 

detection by ground defomation studies or seismic a c t i v i t y . 

Gravimetric data (Sanderson, 1982) indicate that magma may passively 

enter d ^ e s several months before eruption, but i t i s not possible to 

estimate hew much magma i n rel a t i o n to the volume erupted i s stored as 

such. Furthentore, the volume of lava erLqsted may only represent a 

small part of the magma budget fed fron depth and a s i g n i f i c a n t volume 

may reside i n the conduit or i n the dyke systems for long periods 

(Chester et. a l . , 1985). 

The present plurrtoing system as described has remained unchanged for a t 

le a s t the past 200 years (Guest and Duncan, 1981) which i s reflected i n 

the consistency i n the sty l e s of eru^Jtion, the petrology of the lavas 

and the output of the volcano during t h i s period. The lavas are 

generally unfractionated because of the lack of high-level storage, 

altliough they are highly porphyritic indicating extensive 
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c r y s t a l l i s a t i o n before eruption. There i s evidence that the plumbing 

syston may have been very di f f e r e n t i n the past. Prehistoric eruptions 

are characterised by highly evolved lavas, a s h f a l l and ignimbrite 

deposits and caldera collapse events which are taken as evidence for 

s i g n i f i c a n t high-level ragma storage possibly i n the form of a nagma 

chamber (Duncan and Guest, 1982). 
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CHAPTER 2 

SAMPLING AND ANALYTICAL TECHNIQUES 

The objectives of t h i s project, which were discussed i n chapter 1, are 

based upon a ootprehensive, high-precision geochenical and 

petrographic data set representing the 1910 to 1983 lava f i e l d s . Sudi 

a data set i s confidently presented i n the follc>dng chapters, 

achieved by a care f u l l y planned, extensive sanpling program; precise 

and accurate geochemical analyses involving painstaking sanple 

preparation and expert XRF instrument operation; an exhaustive 

petrographic t h i n section study and sane microprobe work. 

2.1 Sanpling 

Sanple suites have been collected frcm the nine major f l w f i e l d s of 

the period 1910-1983; the l o c a l i t i e s and b r i e f desciptions of the 

samples are given i n table 2.1. Maps of each flew f i e l d shewing the 

sampling l o c a l i t i e s are presented i n chapter 4. 

In order to demonstrate possible s p a t i a l geochemical and petrographic 

variation, sampling traverses were plcinned down the lengths of each 

lava f i e l d and suites of between 7 and 21 sairples were taken from 

each. The numbers of sanples taken fran a lava f i e l d depended upon 

i t s size, the exposure, and ac c e s s i b i l i t y , and when these conditions 

permitted, they were taken at regular i n t e r v a l s to produce a 

representative c o l l e c t i o n of the whole flew f i e l d . VJhenever possible, 

fresh unaltered sanples were taken frcm the massive flow i n t e r i o r s , 

usually exposed i n new road cuttings or i n upA^ellings on the flew 

surface. Alternatively, when the flew i n t e r i o r could not be accessed, 

specimens were collected frcm the massive, slabby crust \ ^ c h often 
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occurs i n the centre of lava flows. F a i l i n g t h i s , samples were 

obtained fran the cores of aa blocks on the flow surface avoiding the 

oxidized crusts. Glassy lava and spatter frcm the vent regions were 

collected whenever possible as these samples, i f fresh, are free frcrt 

any post-eruptive c r y s t a l l i z a t i o n or v o l a t i l i z a t i o n effects i n the 

lava flow and represent quenched magma. 

In the case of the 1981 and 1983 lava f i e l d s , some sairples have also 

been collected by volcanologists present a t the time of eruption frcm 

the active lava flews and from the en^Jtive vents as spatter or bcmbs. 

These sample suites, therefore, have accurate chronological control 

as well as s p a t i a l control. However, tenporal control witliin the 

saitple suites collected fran most lava f i e l d s i s poor; because of the 

conplex development of most ccnpound lava f i e l d s there i s no s p a t i a l 

correlation with time of eruption. Seme samples, though, can be dated 

r e l a t i v e to one anoUier i f accurate records on the developnent of the 

flow f i e l d are available ( i e . post-1971) or i f the flow f i e l d i s 

erupted from a succession of f i s s u r e segments i n which case, the 

higher altitude lava flews are always erupted f i r s t . 

2.2 X-Ray Fluorescence Analysis 

A l l saitples have been analysed by x-ray fluorescence methods at the 

University of B r i s t o l (Geology Department) using a Seimens SRS 200 

automatic wavelength dispersive x-ray spectrometer and the r e s u l t s 

processed t h r o u ^ a DEC PDP 11/04 carputer. The analyst was Dr. M. 

Bennett. 
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The XRF system i s equiped with 3 interchangeable x-ray tubes with 

targets of d i f f e r i n g atcmic numbers: 

i Chronium tube (Z=24) - used for the excitation of long wavelength 

radiation (A >1.9A) i n the analyses of a l l the major elements: 

Si02, A1203, Ti02, Fe203, MgO, CaO, Ua20, K20, MnO, P205 

i i Molybdenum tube (Z=42) - used for a l l trace element analyses except 

niobium and zirconium which suffer l i n e overlap by characteristic Mo 

line s : 

Sr, U, Rb, Y, Th, Pb, Ga, Zr, Cu, Cr, Ni, Co, Wd, Sm, Ce, Ba, La 

i i i Gold tube (Z=79) - used for the analysis of Nb and Zr. 

Powdered rock sanples were prepared and analysed ac B r i s t o l for najor 

and trace element analyses using tJie following methods: 

Major element analysis (except Ua20) 

Rock pcwders were prepared i n duplicate following the method of 

Harvey et. a l . (1973). This involved mixing a STtiali amount of rock 

pcwder (k).375g) with 2g of l i t h i u m metaborate f l u x ("spectraflux 

105"), the mixture was then fused i n a Pt-Au crucible at 1000"̂ C and 

cast i n t o a glass disc. Ha20 was not determined frcm the glass disc 

as i t may suffer s i g n i f i c a n t loss during fusion. 

The standard rr^suring conditions for the major elements using the Cr 

tube are l i s t e d i n table 2.2. The raw count data were conputed using 
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the mass absorption coefficients of Norrish and Hutton (1969). 
Calibrations were constructed fron international standard reference 
material. 

Trace elemsnt analysis (including Na20) 

These were determined fron pcwders prepared i n t o pressed p e l l e t s 

using a small amount of resin (PVP/MC20) f o l l a v i n g the method of Leake 

(1969). The pe l l e t s , which contain 94% rock powder, were produced by 

pressing the pcMder/resin mixture between 2 polished tungsten carbide 

plattens at 10 tons p . s - i . The pe l l e t s were then baked i n an oven a t 

100*C for about three hours t o harden. 

The standard measuring conditions for the Mo and Au traces are given 

i n table 2.3 and the calibrations have been constructed frcm 9 house 

standards covering a range i n canpositions fran harzburgite, through 

basalt, andesite, syenite, t o granite. Mass absorption coefficients 

used i n the correction prograns were taken frcm Heinrich (1966, 

pp351-377). 

A l l sanples were analysed i n duplicate i n two continuous runs and an 
average of the results taken. 

Lcwer l i m i t s of detection 

E l i p i r i c a l l y determined detection l i m i t s at the 95% confidence level 

are better than 0.001% for the major elonents and i n the region of 

2ppn, with some exceptions, for trace elements (table 2.4). 
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Precision 

Instrumental precision l i m i t s at the 95% confidence level {2a) f o r 

major oxides and trace elonents are shown i n table 2.5. The values 

are derived from 20 repeat analyses of the international standard 

BHVO-1 which was run as an unknewn i n every sanple batch, and 

frcm duplicate analysis of each sanple. 

Accuracy 

The reccmnended values for BHVO-1 frcm Gorvindaraju (1984) and 

measured values (taken frcm an average of 20 analyses) are given i n 

table 2.5. The only s i g n i f i c a n t d^>arture frem the measured 

concentations for t h i s standard and the accepted values i s i n Ba 

concentration. This i s not necessarily a systematic error for Ba 

cal i b r a t i o n and iray be an artefact of the B r i s t o l BHVO-1 sanple (M-

Bennett, pers. ccrnn.). 

2.3 FeO Determination 

The x-ray fluorescence method of whole-rock analysis i s unable t o 

distinguish the oxidation state of i r o n and calculates t o t a l i r o n 

assumed to be i n the f e r r i c state. I t i s therefore necessary t o 

determine the concentration of ferrous ir o n using 'wet* chemical 

techniques and the method adopted follows that of Wilson (1955) 

whereby FeO i s determined by t i t r a t i o n with standardized ferrous 

aimonium sulphate solution. This i s an accurate and widely used 

technique and involves the d i s s o l u t i o i of pcwdered rock sanple i n cold 

liydrofluoric acid together with a known amount of the metavanadate ion 
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(V03-). The method depends upon the oxidation of the ferrous ir o n 

(Fe2+) t o f e r r i c i r o n {Fe3+) by reaction with the metavanadate ion: 

V03- + Fe2+ + 4H+ > V02+ + Fe3+ + 2H20 

The amount of excess vanadic ion which does not react with Fe2+ ions 

i n the sairple can be determined t y t i t r a t i n g the l i q u i d with 

standardized ferrous anmonium sulfate solution. I t follews that the 

amount of metavanadate t l i a t reacted w i t l i Fe2+ ions i n the sanple can 

be calculated frcm which the weight percent of FeO i n the sanple can 

be derived. Fe203 can subsequently be calculated by the following 

sinple equation: 

wt.% t o t Fe (calculated as Fe203, XRF) - (wt.% FeO x 1.1113) = wt.% 
Fe203 

The FeO analyses presented i n t h i s study represent an average of two 

t i t r a t i o n s and the precision of the method was calculated frcm repeat 

analyses of single sairples t o be +0.02 wt. % at the 95% confidence 

l e v e l . Accuracy was also tested by running a basalt (BR) standcurd 

with every batch which demonstrated an average standard deviation frcm 

the accepted value of 0.04 wt. % (2cr). 

2.4 H20 and C02 Determination 

VVater and carbon dioxide were analysed simultaneously following the 

method of Riley (1958). The method involved placing a known weight 
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(0.5g) of rock powder i n t o a silica-glass ocmbustion tube at l l ^ y c . 

The resultant water and carbon dioxide was removed with a current of 

dried nitrogen gas and collected i n separate tubes packed with 

anhydr(^is magnesium perchlorate and soda-asbestos which were weighed 

af t e r 30 minutes t o determine H20 and 002 respectively. The method 

lacks good accuracy and precision but i s one of the nore r e l i a b l e 

methods t o determine approximate water and carbon dioxide contents. 

2.5 Petrographic Methods 

The petrography of the lavas has been studied both i n t h i n section and 

by microprobe analysis. Two t h i n sections have been taken frcm each 

sanple, p a r a l l e l and perpendicular t o flew alignment of phenocrysts to 

obtain a true representation of the sanple. A modal phenocryst 

cinalysis has been carried out which involved point counting from each 

sanple with a target of 1000 points per section ( i e . 2000 counts per 

sanple) to provide data on the proportion of each phenocryst phase as 

a volume percentage of the rock. In addition, the chemistry of 

phenocryst phases fron seme sanples has been obtained by microprobe 

analysis at the University of Cambridge; d e t a i l s of the analysing 

conditions are contained i n appendix 1. 
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Table 2.1 
Sample L i s t - 1910 to 1983 l a v a s 

Sample No. D e s c r i p t i o n G r i d Reference 

1910 l a v a f i e l d 

ES24 massive flow i n t e r i o r 995 726 
ES25 massive flow i n t e r i o r 995 718 
ES26 aa block 989 696 
ES40 v e s i c u l a t e d c r y s t a l l i n e block 992 709 
ES90 aa block i n flow channel 995 729 
ES91 aa block i n flow channel 995 7 23 
ES92 aa block i n flow channel 99 1 704 
ES94 massive block from flow s u r f a c e 998 683 
ES102 v e s i c u l a t e d block 995 638 
ES103 v e s i c u l a t e d block GDI 654 

1911 l a v a f i e l d 

ES48 aa block 041 859 
ES151 aa block 048 865 
ES351 massive flow i n t e r i o r 077 904 
ES352 massive flow i n t e r i o r 073 905 
ES353 aa block 081 920 
ES362 aa block 071 896 
ES367 aa block 072 894 
E5383 feeder dyke i n c i n d e r cone 035 855 
ES384 massive flow i n cinder cone w a l l 038 857 
ES396 l a v a i n t e r i o r from top of f i s s u r e 0 23 840 
ES397 aa block 0 28 840 

1923 l a v a f i e l d 

ESS 2 v e s i c u l a t e d block 048 855 
ESI 14 v e s i c u l a t e d block from f i s s u r e 017 823 
ES152 massive block 055 862 
ES350 massive flow i n t e r i o r 101 899 
ES368 massive flow i n t e r i o r 090 886 
ES380 s l a b , flow s u r f a c e 092 866 
ES381 c r y s t a l l i n e s l a b 033 846 
ES382 massive flow i n t e r i o r 031 845 
ES395 aa block 0 25 839 
ES398 s p a t t e r bomb from vent 018 837 
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Table 2-1 continued 

1928 l a v a f i e l d 

ES117 v e s i c u l a t e d block 051 802 
ES118 v e s i c u l a t e d block 063 805 
ES167 massive flow i n t e r i o r 043 782 
ES301 massive flow i n t e r i o r 156 791 
ES302 massive flow i n t e r i o r 165 779 
ES303 massive flow i n t e r i o r 161 787 
ES304 massive flow i n t e r i o r 149 801 
ES3D5 massive boulder 143 799 
ES306 massive flow i n t e r i o r 124 789 
ES3D7 massive flow i n t e r i o r 113 799 
ES308 aa block 109 799 
ES309 massive flow i n t e r i o r 105 804 
ES310 scoraceous, v e s i c u l a r block 079 794 
ES3 11 massive flow i n t e r i o r 075 795 
ES3 12 massive flow i n t e r i o r 062 799 

1947 l a v a f i e l d 

ES45 aa block 021 861 
ES46 aa block 013 863 
ES50 aa block 017 863 
ES71 aa block 000 852 
ES77 aa block . 006 835 
ES359 massive flow i n t e r i o r 0 21 899 
ES363 aa block 021 888 
ES364 aa block 021 885 
ES365 aa block 0 22 886 
ES366 aa block 021 892 
ES399 pahoehoe c r u s t 012 842 

1964 l a v a f i e l d 

ES2 v e s i c u l a t e d slabby c r u s t 994 782 
ES3 aa block 992 783 
ES8 massive slabby c r u s t 985 785 
ES9 massive slabby c r u s t 984 786 
ES10 aa block 988 786 
ES11 aa block 990 784 
ESI 2 aa block 987 783 
ES29 pahoehoe c r u s t 009 803 
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Table 2.1 continued 

1971 l a v a f i e l d 

ES 14 aa block 001 774 
ES 15 massive flow i n t e r i o r 000 776 
ES 16 massive flow i n t e r i o r 002 769 
ES17 massive flow i n t e r i o r 004 768 
ES18 aa block 008 770 
ES19 aa block 008 762 
ES21 massive s u r f a c e s l a b 005 753 
£3 22 aa block 000 753 
ES23 aa block 994 749 
ES27 v e s i c u l a t e d flow c r u s t 005 779 
ES28 aa block 008 778 
ES35 massive flow i n t e r i o r 099 771 
ES41 aa block 999' 769 
ES53 aa block 107 773 
ES54 aa block 088 783 
ES55 masive flow i n t e r i o r 077 786 

1981 l a v a f i e l d 

81/2 c r y s t a l l i n e aa block 974 840 
81/3 g l a s s y s p a t t e r 975 840 
81/4 g l a s s y s p a t t e r 982 834 
81/5 g l a s s y s p a t t e r 996 828 
81/6 aa block 964 886 
81/7 g l a s s y s p a t t e r 964 885 
81/8 g l a s s y s p a t t e r 967 879 
81/9 g l a s s y s p a t t e r 998 814 
81/10 g l a s s y s p a t t e r 997 823 
81/11 g l a s s y s p a t t e r 988 836 
81/12 g l a s s y s p a t t e r 982 852 
81/14 g l a s s y s p a t t e r 965 882 
81/15 g l a s s y s p a t t e r 974 869 

1983 l a v a f i e l d 

ES313 aa block 986 689 
ES3 14 aa block 984 700 
ES315 aa block 986 689 
ES316 aa block 992 707 
ES3 17 aa block 991 695 
ES319 aa block 982 678 
ES3 21 g l a s s y s p a t t e r 982 564 
ES3 22 aa block 988 713 
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Table 2- 1 continued 

ES3 23 pahoehoe c r u s t 990 724 
ES3 26 aa block 002 724 
ES327 pahoehoe c r u s t 002 716 
ES3 28 pahoehoe c r u s t 995 736 
DK2 l a v a from a c t i v e flow 995 726 
DK3 la v a from a c t i v e flow 996 727 
DK6 l a v a from a c t i v e flow 995 713 
DK8 water quenched l a v a from flow 994 713 
DK9 l a v a from a c t i v e flow 995 718 
DK11 l a v a from a c t i v e flow 995 735 
DK13 bomb from vent 998 747 
DK16 l a v a from a c t i v e flow 997 733 
DK21 la v a from a c t i v e flow 998 745 

•ES' samples c o l l e c t e d by S 
'81/' samples from the 1981 

a f t e r / d u r i n g the eruption. 
'DK' samples from the 1983 l a v a 

K i l b u r n during the eruption. 

S c o t t , H.Balhatchet, and M. Gyopari 
l a v a f i e l d c o l l e c t e d by S. S c o t t soon 

f i e l d c o l l e c t e d by A. Duncan and C 
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Table 2.2 XRF (Cr- tube) measuring conditions, major elements 

Line C r y s t a l Detector C o l l i m a t o r F i l t e r 
Count 
Time Kv mA Window Peak 

2G 
Background 

20 (sees) 
Peak 
2G 

Background 
20 

MgKa TlAp Flow 0.4° out 100 i*0 50 1007. AS.165 * 1.81 

K Ka PET Flow 0.15° out 10 50 SO lOOZ 50.782 + 3,823 

FeKa LlFdOO) Flow 0.15° out 10 50 50 507, 57.565 - 2.033 

MnKa LIF(IOO) Flow 0.15° i n 80 50 55 75Z 63.035 - 0.78 

TiKa LIF(IOO) Flow 0.15° out 10 50 50 757. 86. 198 + 2.637 

SLKa PET Flow O.A° out 10 50. 50 1007. 109.260 -

CaKa LIF(IOO) Flow 0.15° out 10 SO- U5 1007. 113.138 *-ll.272 

Pka Ce Flow 0.4° out 80 SO 55 1007. lAl.OOO - 1.50 
t I.A92 

AlKa PET Flow 0.4° out AO SO SO 100% US.250 - 7.02 

* Peak 20 angle may vary s l i g h t l y w i t h changes i n spect rome te r a lignment. 

A l l l i n e s analysed i n vacuum path 



Table 2.3 XRF measuring conditions. Mo- and Au-traces 

Mo - f races 

PbU 

CUKQ 

CrfCo 

CoKa 

PrLSi.t. 

CeU,., 

Count 
Crystal Oeeector Collinacor FlUor Tica 

dec) 

out 40 LlF(llO) Seine 

L;F(110) Seine 

LlFdlO) Scint 

LU(UO) Seine 

LlFCllO) Seine 

LIF(UO) Seine 

LIF(UO) Both 

LIFdlO) Both 

LlFdlO) Both 

LlFdOO) Flow 

LIF(UO) Both 

LlFdlO) Both 

LlFdlO) Flow 

LlFdlO Both 

LlFdlO Flow 

LlFdlO) Flow 

0.15^ 

0.15' 

0.15*= 

0.15^ 

0.15° 

0.15° 

0.15" 

0.15° 

0.15° 

0.15° 

0.15° 

0.15° 

0.15 

0.15^ 

0.4 

iO 

SO 

40 

20 

20 

20 

80 

ao 

SO 

80 

ao 

Kv 

50 

50 

50 

SO 

50 

SO 

50 

50 

SO 

SO 

so 

50 

SO 

SO 

SO 

SO 

50 

SO 

so 

55 

55 

55 

'-'indow 

75". 

75.: 

7S.; 

lOo: 

lOO.I 

so; 

loo: 

too.: 

loo: 

IOO;E 

Peak 
23 
33.aso 

35.345 

37.328 

37.9 73 

39.2 72 

; o.;i3 

56.228 

60.590 

65.575 

69.iOS 

lOO: 71.315 

77.9i3 

99. i^a 

101.270 

105.100 

111.775 

Baekground 
28 

- 0.90 
• 1.07 

- O.S95 
• 0.607 

- 0.613 
• 1.427 

- 1.263 
. 0.777 

0.517 
1.350 

- 1.663 
• 0. 704 

- 1.08 
• 1.32 

- 3.042 
- 3.443 

1.G6 

2.31 
1.66 

- 1.00 
• 1.22 

- 0.715 
• 1.03: 

0. 32 
1. 12 

- 1.00 
* 1.00 

0.655 
0. 745 

1.745 
2.650 

C . L f l i . ^ 

L j L a 

LlF(llO) Flow 

LlFdlO) Flou 

LlFdlO) Flow 

0.15 

0.4° 

0.4° 

ou; 

out 

out 

200 

80 

SO 

loo: 

75: 

loo: 

111.793 '0.732 

128.945 

139.035 

' 3.055 
- 2.02 
• 2.93 

Au -hraces 

Crystal Oetcccor Coilioaeor 
Count 

F i l t e r Tice 
(sees) 

v:„A^^ ^^^^ Baekground 
'"'*°" 20 20 

Zr! 

LlFdlO) Scint 0.15 

LlFdlO) Seine O . i s ' 

LiFdlO) Scint 0 .15' 

40 50 

SO 

50 

752 

75: 

75.-: 

30.4 32 

32.070 

35.345 

0.964 
2.5 76 

2.653 
0.953 

- O.S95 
• 0.607 

35 



Table 2.4 XRF determined lower limits of detection 

enenc Line Time Standard Dececcion L i 
(sees) 

Y Ko AO GSP-l(29ppa) 0.86ppn 

Sr Ka AO • GSP-l(2A0ppn) 0.95ppia 

U La 40 GS?-l(2ppn) A.Appm 

U La 40 SY-3(650ppn) 0.28ppm 

Rb Ka 40 G-2C170ppm) 0.99ppm 

Th La 40 G-2(25ppm) 2.22ppTa 

Pb S i , 2 40 G-2C30ppn) 2.30ppa 

Ga Ka 20 GSP-l(23ppni) • 2.3Appa 

Zn Ka 20 G-2(8Appn) 2.A6ppm 

Cu Ka AO G-2(10ppn) 2.6ppn 

Cr Ka 20 G-2(9ppn) 0.95ppm 

Ni Ka AO G-2(35ppra) 2.05ppia 

Co Ka 80 G-2(5ppm) 1.77ppm 

Nd S i . 4 80 G-2(58ppTn) 11.55ppm 

Sa La 80 GSP-l(25ppm) 7.09ppm 

Pr S i , 4 80 SY-3(120ppm) 13.7ppm 

Ce S i . A 200 G-2(l60ppm) 9.3Appn 

Ba S l . 4 80 NIM-P(A6ppm) lO.Sppm 

La La 80 G-2(92ppn) A. 63ppm 

Nb Ka 40 GSP-l(?23ppm) 1.69ppm 

Zr Ka 40 GSP-l(500ppn) l.SAppm 
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Table 2.5 
Accuracy and Instrumental P r e c i s i a n f o r the XRt' Method 

accepted value neasured value a n a l y t i c a l 
BHVO-1 BHVO-1 p r e c i s i o n (2a) 

weight % 
Si02 49.90 49.91 0.30 
A1203 13.89 13,84 0.10 
Ti02 2.66 2.69 0.01 
Fe203 ( t o t . ) 11.94 12.24 0.15 
MgO 7.35 7.31 0.20 
CaO 11.41 11.33 0.03 
Na20 - 2.29 0.20 
K20 0.55 0,54 0.01 
MnO 0.16 0.17 0,02 
P205 0.28 0,28 0,01 

ppm 
Sr 420 422 3 
U 0.4 0.5 BDL 

10 10 1 
Y 27 26 1 
Th 1 - BDL 
Pb - - BDL 
Ga 21 19 3 
Zn 105 100 3 
Cu 140 138 4 
Cr 300 308 4 
Ni 120 120 4 
Co 45 43 4 
Nd 24 27 7 
Sin 6 7 BDL 
Ce 39 37 12 
Ba 135 177 10 
La 17 16 3 
Nb 19 20 2 
Zr 180 181 2 

Accepted values f o r i n t e r n a t i o n a l USGS b a s a l t standard BHVO-1 frcm 
Gorvindaraju (1984). Measured values d e r i v e d by running BHVO-1 as an 
unkncwn; the values represent the average o f 20 analyses frcm which 
i n s t r u m e n t a l p r e c i s i o n i s a l s o measured a t the 95% confidence l e v e l . 

BDL - belcw d e t e c t i o n l i m i t 
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CHAPTER 3 

PETRQLOGICAL QiARACTERISTICS OF THE EIWK lAVAS 

3.1 Whole-Etock Chonistry - General Features 

The lavas erupted between 1910 and 1983 frcm the Recent Mongibello 

centre have a basic c a t p o s i t i o n w i t h an average s i l i c a content o f 46 

weight percent. Table 3.1 sunnarises the general m j b r element 

c h a r a c t e r i s t i c s o f the 98 sanples analysed ( f u l l analyses o f 

i n d i v i d u a l sanples are presented i n chapter 4 ) . Small v a r i a t i o n s i n 

the data are apparent, however, the data g e n e r a l l y i n d i c a t e a 

r e l a t i v e l y uniform c a i p o s i t i o n f o r these lavas which have a s i i r d l a r 

chemistry t o lavas erv^ited f r o n Etna over the l a s t 30U-400 years 

( C r i s t o f o l i n i , 1973; C r i s t o f o l i n i e t . a l . , 1987). 

On the t o t a l a l k a l i s - s i l i c a p l o t i n f i g u r e 3.1, the analyses p l o t 

above the Macdonald-Katsura l i n e (r>IacDonald and Katsura, 1964) w i t h i n 

the a l k a l i f i e l d . I n a d d i t i o n , the normative mineralogy o f these 

sanpies (appendix 2) i l l u s t r a t e s t h e i r undersaturated nature w i t h 

nepheline present i n abundances o f less than 10%. The analyses p l o t 

w i t h i n the m i l d l y a l k a l i c h a w a i i t e f i e l d (apart from one sanple i n the 

mugearite f i e l d ) on the c l a s s i f i c a t i o n scheme f o r v o l c a n i c rocks by Le 

Bas e t . a l . (1986) i n f i g u r e 3.2 which^is a l s o based on t o t a l 

a l k a l i s - s i l i c a content. Hawaiites and mugearites are p a r t o f the 

Trach y b a s a l t i c Suite o f Duncan (1978), a term which covers the recent 

products o f Etna and includes more evolved members frcm older 

eruptions than those o f t h i s study. Duncan's c l a s s i f i c a t i o n i s based 

on s i l i c a content, which shcv/s strong v a r i a t i o n i n the Trachybasalt 

S u i t e : -
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Trachybasalt S u i t e (Duncan, 1978) 

Hawaiites 

Basic Mugearites 

Mugearites 

Benmoreites 

Si02 (wt %) Thornton & T u t t l e Index 

47-52 34-46 approxiinately 

52-55 46-56 

55-58 56-65 

58-62 65-80 

CIR/ norm ocnpositions are f r e q u e n t l y used i n c l a s s i f i c a t i o n schemes 

f o r volcanics and many workers on the Etna b a s a l t s use the scheme o f 

I r v i n e and Barager (1971) which p l o t s n o niBtive p l a g i o c l a s e against 

the Thornton and T u t t l e (1960) d i f f e r e n t i a t i o n index. However, the 

CIPW norm i s s e n s i t i v e t o the FeO/Fe203 r a t i o which can be a l t e r e d by 

p o s t - e r u p t i v e processes (Duncan 1978) and c l a s s i f i c a t i o n based upon 

n a j o r element data i s thus p r e f e r r e d . 

The nomenclature f o r the recent a l k a l i lavas has becone unecessarily 

corpiex and a v a r i e t y o f d i f f e r e n t terms are used. A l k a l i andesites, 

t e p l i r i t e s and p h o n o l i t i c t e p h r i t e s are used synonymously w i t h h a w a i i t e 

and the term a l k a l i c s e r i e s r e f e r s t o the t r a c h y b a s a l t s u i t e , the 

l a t t e r being used f r e q u e n t l y by I t a l i a n workers. The terminology o f 

t h i s study f o l l o w s the ncmenclature o f Duncan (1978). 

Etnean hawaiites are broadly s i m i l a r i n c c n p o s i t i o n t o lavas frcsn 

o t h e r m i l d l y a l k a l i n e provinces. These i n c l u d e w i t h i n - p l a t e oceanic 

centres such as Gough I s l a n d (Le ^4aitre, 1962), Hawaii (Basalt 
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Volcanism Study P r o j e c t ) , Reunion I s l a n d (Upton and \/adswDrth, 1966) 

and c o n t i n e n t a l r i f t s e t t i n g s such as the B r i t i s h T e r t i a r y Province 

(Tharpson e t . a l . , 1972). The Etna tr a c h y b a s a l t s are, hc^/ever, less 

aUcalij^ than those o f Hawaii but are r i c h e r i n CaO and A1203 and a l s o 

p l o t between the more sodic Skye lavas and the more potassic Cough 

I s l a n d lavas (EXincan, 1978). Titanium contents are, i n a d d i t i o n , 

g e n e r a l l y lower i n Etnean b a s a l t s than i n lavas f r o n most other m i l d l y 

a l k a l i n e provinces r e f l e c t i n g the c h a r a c t e r i s t i c a l l y l a v Ti02 content 

o f the Etnean magmas ( C r i s t o f o l i n i , 1971). 

The chemistry o f the h a w a i i t i c lavas f r o n Etna i n d i c a t e t h a t they do 

not represent a primary magma co n p o s i t i o n . The maximum M' value, 

where M' = Mg/[Mg-KJ.85(Fe2+ + Fe3+)], f o r the lavas analysed f o r t h i s 

study i s 0.27 whereas Cox (1980) has shown t h a t primary magmas should 

have M' values o f more than 0.65. I n a d d i t i o n , the n i c k e l values f o r 

the Etna b a s a l t s average 20pi3T\ \vhich i s f a r l o v e r than t h a t expected 

from melts generated f r a n estimated mantle source regions which should 

be i n the region o f 2000-2400 ppn (Rhodes and Dungan, 1977). Duncan 

and Guest (1982) have suggested t h a t the h a w a i i t e lavas o f Etna are 

probably derived frcan more basic rragma which has undergone 

high-pressure c r y s t a l f r a c t i o n a t i o n o f ferronagnesian phases i n the 

deep c r u s t a l storage r e s e r v o i r (Sharp e t . a l . , 1980). 

The t r a c e elenent cherustry o f the lavas (chapter 4) i s characterised 

by strong enrichment o f the normalised LREE r e l a t i v e t o HREE (La/Yb = 

15-20) as shown by C r i s t o f o l i n i e t . a l (1981, 1987) i n f i g u r e 3.3. 

This enrichment i s f a r greater than t h a t observed i n lavas from Hawaii 
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and Reunion I s l a n d . I n a d d i t i o n , the t r a c e element data from t h i s 

study shews strong enrichment i n the h i g h l y i n c c n p a t i b l e elements 

( p a r t i t i o n c o e f f i c i e n t s are given i n t a b l e 4.1.1) rubidium, barium, 

thorium, potassium and niobium, r e l a t i v e t o the p r i m o r d i a l mantle 

ccnpositions (V/ood e t . a l . 1979). I n f i g u r e 3.4, the t r a c e elements 

are p l o t t e d i n order o f t h e i r i n c c r r p a t i b i l i t y i n respect t o mantle 

assemblages ( a f t e r Norry and F i t t o n , 1983). The most i n c o r p a t i b l e 

elonents p l o t on the l e f t side o f the diagram and are h i g h l y enriched 

i n respect t o the more c o r p a t i b l e elements. 

Figure 3.5 shews the Ti-Zr-Y t r i a n g u l a r p l o t o f Pearce and Cann (1973) 

which a t t e n p t s t o i d e n t i f y the t e c t o n i c s e t t i n g s o f b a s a l t s based m 

these carponents. The Etna lavas o f t h i s study f a l l between the 

w i t h i n - p l a t e b a s a l t f i e l d (\/PB), i n which other rocks o f s i m i l a r major 

element c c n p o s i t i o n p l o t , eg. Hawaiian t r a c h y b a s a l t s , and the v o l c a n i c 

arc (CAB) s u i t e . C r i s t o f o l i n i e t . a l . (1981) a l s o record t h i s f e a t u r e 

which they a t t r i b u t e t o the p e c u l i a r t e c t o n i c s e t t i n g o f Etna a t the 

A f r i c a n - Tyrrhenian p l a t e boundary and on the i n t e r s e c t i o n o f several 

major f a u l t s . 

3.2 Petrography 

The haw a i i t e lavas o f Etna are h i g h l y p o r p h y r i t i c , g e n e r a l l y having a 

phenocryst content o f 30-40% by volume. Phenocryst phases, i n order 

o f decreasing abundance, are c a l c i c p l a g i o c l a s e , clinopyroxene, 

Mg-rich o l i v i n e , and t i t a n o - magnetite. The phenocrysts are set i n a 
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v e s i c u l a r groundmass v^Aiich i s g e n e r a l l y m i c r o c r y s t a l l i n e . 

3.2.1 Groundmass 

Groundmass t e x t u r e s i n the lavas are h i g h l y v a r i a b l e , ranging frcsn a 

glassy, green nature i n f r e s h exanples t o a coarse m i c r o c r y s t a l l i n e 

nature sometimes e x h i b i t i n g a t r a c h y t i c t e x t u r e ( f i g u r e 3.23). 

M i c r o c r y s t a l l i n e v a r i e t i e s c o n t a i n dcminant p l a g i o c l a s e feldspar o f 

o l i g o c l a s e t o anorthoclase c o n p o s i t i o n . I n a d d i t i o n , minor amounts o f 

a l k a l i f e l dspar and feldspathoids such as nepheline and l e u c i t e have 

been detected t y XRD methods (Tanguy, 1973 and Di Sabatino, 1977). 

Fine d e n d r i t i c and granular opaques w i t h o l i v i n e and pyroxene a l s o 

occur i n the groundmass. 

Textures which appear t o be caused by magma mixing are f r e q u e n t l y 

preserved w i t h i n t h i n s e c t i o n . Exanples o f such t e x t u r e s are 

i l l u s t r a t e d i n f i g u r e s 3.6 and 3.7 which conprise two c o n t r a s t i n g 

groundmass canponents; a glassy, brcwn groundmass and a dark, 

m i c r o c r y s t a l l i n e groundmass. The contacts between the two types o f 

groundmass are d i s t i n c t l y bulbous w i t h cauliflower-shaped p r o t r u s i o n s 

o f the darker member. Vesicles o f t e n t r a v e r s e these contacts and 

small feldspar l a t h s are a l i g n e d p a r a l l e l t o the contacts. This 

t e x t u r e s t r o n g l y suggests the mixing o f two r h e o l o g i c a l l y c o n t r a s t i n g 

l i q u i d s ; the alignment o f feldspar l a t h s i s p o s s i b l y caused by 

shearing stresses set up a t the contact between the two l i q u i d s . I t 

i s a l s o cannon t o observe darker groundmass m a t e r i a l as t h i n streaks 

or smears appearing i n places t o be almost homogenised w i t h the 

surrounding m a t e r i a l ( f i g u r e 3.7). 
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3.2.2 Plagioclase Phenocrysts 

Plagioclase i s the dcminant phenocryst phase i n the lavas representing 

20-30% o f the t o t a l phenocrysts present. C r y s t a l s i z e i s considerably 

v a r i a b l e , ranging frcsn 0.2nTn t o over 4nni i n le n g t h and c r y s t a l h a b i t 

i s g e n e r a l l y t a b u l a r , o f t e n w i t h blocky p r o t r u s i o n s on the l a r g e r 

phenocrysts. Occasionally, large rounded, resorbed c r y s t a l s are a l s o 

observed ( f i g u r e 3.20). 

I n t e r n a l morphological features are h i g h l y complex, p a r t i c u l a r l y i n 

the l a r g e r phenocrysts which e x h i b i t s e v e r a l , euhedral o s c i l l a t o r y 

zoned bands v ^ c h are separated by concentric s k e l e t a l zones r i c h i n 

glassy i n c l u s i o n s ( f i g u r e s 3.15 - 3.19). I r r e g u l a r patchy zoning and 

dicontinuous wav^y o s c i l l a t o r y zones are a l s o present i n the core 

region. Smaller phenocrysts have a s i n p i e r morphology, although the 

zoning and morphological p a t t e r n s e^jpear t o be h i g h l y v a r i a b l e i n 

d i f f e r e n t c r y s t a l s i n the same s i z e range. 

The t e x t u r a l features e x h i b i t e d by p l a g i o c l a s e phenocrysts are 

regarded as having a valuable p o t e n t i a l i n p r o v i d i n g a record o f the 

physico-chemical e v o l u t i o n o f the magma i n which they developed. 

Section 3.3 i s concerned w i t h the d e t a i l e d i n t e r n a l and e x t e r n a l 

morphological c h a r a c t e r i s t i c s o f p l a g i o c l a s e i n order t o provide such 

a c o n t r i b u t i o n t o understanding the e v o l u t i o n o f the magma i n which 

they grew. 
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Chemical analyses o f the phenocryst phases by microprobe were c a r r i e d 

out t o determine the general mineral c o i p o s i t i o n s ; f o r d e t a i l e d 

microprobe i n v e s t i g a t i o n s o f ccnplex zoning p a t t e r n s i n pyroxene and 

p l a g i o c l a s e phenocrysts i n Etna lavas see Duncan and Preston (1980) 

and Duncan and Preston (1985). Analyses are l i m i t e d t o the 1910, 1981 

and 1983 lavas t o provide a reasonable r e p r e s e n t a t i o n o f lavas i n the 

studied succession. 

Cores and rims o f the la r g e p l a g i o c l a s e phenocrysts, as w e l l as 

smaller c r y s t a l s , have been analysed ty microprobe. The r e s u l t s are 

presented i n t a b l e 3.2 which are p l o t t e d on the Or-Ab-An t r i a n g u l a r 

diagram i n f i g u r e 3.8 using the atomic percentages o f the end-members. 

A l l p l a g i o c l a s e analyses are f a i r l y c a l c i c and p l o t i n the f i e l d s o f 

l a b r a d o r i t e and bytcwnite, having a l a r g e c a r p o s i t i o n a l range o f An 

50 -88; the cores o f the l a r g e r phenocrysts are g e n e r a l l y bytownites 

w i t h a range o f An 72 -8a Analyses f r o n the l a t e r 1981 and 1983 f l o w 

f i e l d s tend t o f a l l towards the roore c a l c i c end o f t h i s range. The 

rims o f these l a r g e phenocrysts and the small p l a g i o c l a s e phenocrysts 

are more sodic and have a l a b r a d o r i t e c o r p D s i t i o n o f An50-70; again, 

1910 analyses are s l i g h l t y more sodic than the 1981 and 1983 

pl a g i o c l a s e r i i n s . Such d i f f e r e n c e s i n p l a g i o c l a s e ccnpDsition between 

lavas o f d i f f e r e n t eruptions can be r e l a t e d the v a r i a t i o n s i n magma 

ccrrposition and w i l l be discussed i n l a t e r chapters. 

Most p l a g i o c l a s e phenocrysts t h e r e f o r e shew a normal zoning between 

tJie core and the outer r i m but as the chemistry o f the i n t e r v e n i n g 
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ccnplexely zoned region i s unkncwn, i t i s not p o s s i b l e t o s t a t e 

whetlier t h i s i s a g r a d a t i o n a l zoning f r a n core t o rim. I n a d d i t i o n , 

reverse zoning i s a l s o observed w i t h i n some large phenocrysts i n the 

1983 lavas ( f i g u r e 3.8). These c r y s t a l s have sodic cores (An 58-60) 

w i t h outer rims o f s i m i l a r o c n p o s i t i o n t o the rims o f c o - e x i s t i n g 

normal-zoned phenocrysts and cores o f small phenocrysts (An 65-70). 

The 1983 lavas, t h e r e f o r e , ^ p e a r t o c o n t a i n two crops o f p l a g i o c l a s e s 

which shew normal and reverse zoning but which both have s i m i l a r r i m 

conpositions. Duncan and Preston (1985) a l s o record s i m i l a r chemical 

features i n p l a g i o c l a s e frcm o l d e r b a s a l t s . 

3.2.3 Pyroxene Phenocrysts 

Clinopyroxene phenocrysts c o n t r i b u t e between around 0.1 and 15 percent 

o f the t o t a l phenocryst volume and are t h e r e f o r e the most abundant 

phase a f t e r p l a g i o c l a s e . I n t h i n s e c t i o n , they are g e n e r a l l y t a b u l a r 

and range i n s i z e frcm 0.2 t o 3nm. A pale g r e e n - y e l l w , non-

pl e o c h r o i c appearance, t o g e t l i e r w i t h maximum h i g h second order 

i n t e r f e r e n c e colours are c h a r a c t e r i s t i c o p t i c a l features o f t h i s 

pyroxene. Simple or repeated t w i n n i n g can [100] i s superinposed on 

sector (or 'hour glass') as w e l l as o s c i l l a t o r y zoning which are 

p a r t i c u l a r l y well-developed i n l a r g e r phenocrysts as shown i n f i g u r e 

3.9. Intense, f i n e - s c a l e o s c i l l a t o r y zoning i s more prevalent tcwards 

the outer edges o f the c r y s t a l s . 

Microprobe analyses o f pyroxene cores and rims are shown i n t a b l e 3.3, 
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the c a l c u l a t e d formula u n i t s being based cn s i x oxygens. Most i r o n i n 

clinopyroxenes o f t h i s c o r p o s i t i c n i s i n the fe r r o u s s t a t e (Deer e t . 

a l . (1966) and t h e r e f o r e a l l i r o n i s c a l c u l a t e d as FeO. A l l pyroxene 

c a t p o s i t i o n s f a l l w i t h i n the c a l c i c a u g i t e f i e l d (Fs 12-15) on the 

pyroxene q u a d r i l a t e r a l o f Poldervaart and Hess (1951) i n f i g u r e 3.10. 

There i s c l e a r l y very l i t t l e ccmpositional v a r i a t i o i between pyroxenes 

o f the d i f f e r e n t lava flows s t u d i e d . Small v a r i a t i o n s i n chemistry 

between cores and riirts o f the same c r y s t a l s , mainly S i , A l , T i , Mg and 

Fe, can be explained by ina d v e r t a n t probing across several f i n e 

o s c i l l a t o r y zones or the probing o f d i f f e r e n t sector zones between 

core and rim. Thus, there i s no consistency i n core r i m v a r i a t i o n s i n 

d i f f e r e n t c r y s t a l s . A more d e t a i l e d chemical study o f pyroxenes from 

Etnean lavas o f t h i s age by Duncan and Preston (1980) revealed t h a t 

the o s c i l l a t o r y zoning can be explained i n terms o f S i and Mg va r y i n g 

a n t i p a t h e t i c a l l y w i t h A l i v and T i . This i s i n agreement w i t h the 

r e a c t i o n : T i ^ + 2AI2. ^ ^ My* + 2 S i i where, i n the pyroxene 

s t r u c t u r e , A l i s assumed t o be admitted i n t o the 'z' s i t e t o make up 

f o r any d e f f i c i e n c y i n S i . A l i n z may then be balanced by T i ^ i n 

octahedral y. Possible mechanisms causing such c y c l i c chemical 

v a r i a t i o n must be s i m i l a r t o those causing s i m i l a r zoning i n 

pl a g i o c l a s e and are discussed belcw. 

I n a d d i t i o n , Duncan and Preston (1980), a l s o showed t h a t the [ 1 0 0 ] , 

[110] and [101] prism sector zones are enriched i n T i , A i and Fe but 

depleted i n Si and Mg r e l a t i v e t o the basal [111] sectors. Duncan and 

Preston (1980) argue t h a t the sector zoning may be r e l a t e d t o 
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d i f f e r e n t i a l growth rates and p r e f e r e n t i a l i^ytake o f sane elements i n 

respect t o d i f f e r e n t c r y s t a l l o g r a p h i c o r i e n t a t i o n s . The [111] sectors 

may grow too r a p i d l y by ready attachment o f Si03 polymers XJD maintain 

e q u i l i b r i u m w i t h the melt, developing a d e l e t e d zone a t the c r y s t a l 

i n t e r f a c e . The prism sectors, however, have a slower grcMth and 

maintain c l o s e r e q u i l i b r i u m and are hence r i c h e r i n T i , A l and Fe. 

3.2.4 O l i v i n e Phenocrysts 

O l i v i n e occurs as c l e a r , u n a l t e r e d subhedral phenocrysts or micro-

phenocrysts representing 2-10% o f the t o t a l phenocryst volume. The 

si z e range i s f r o n approximately 0.5irm up t o 1.5nTn and many c r y s t a l s 

have a tendancy t o form small aggregates. O p t i c a l c h a r a c t e r i s t i c s 

such as moderate t o hi g h b i r e f r i n g e n c e and a p o s i t i v e i n t e r f e r e n c e 

f i g u r e i n d i c a t e a magnesium-rich c h a n i s t r y . C a r p o s i t i o n a l zoning i s 

detected by an in c r e a s i n g b i r e f r i n g e n c e towards the c r y s t a l margins 

caused by a normal zoning. 

O l i v i n e probe analyses i n t a b l e 3.4 co n f i r m t h e i r MgO-rich nature, 

p l o t t i n g i n the c h r y s o l i t e f i e l d i n f i g u r e 3.10 and having a 

c c n p o s i t i o n a l range o f Fo 71-79. Although the o l i v i n e probe data set 

i s small, i t i s apparent t h a t t h e r e i s a s l i g h t v a r i a t i o n i n o l i v i n e 

c o n p o s i t i o n between lavas belonging t o d i f f e r e n t e n ^ t i o n s . Tlie 

atomic Fe2+/Mg r a t i o has about the same range f o r the 1910 and 1981 

lavas o f 0.27-0.32; the 1983 lavas, however, co n t a i n o l i v i n e s which 

are considerably poorer i n Mg, having Fe2+/Mg r a t i o s o f 0.38-0.40. 
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Roeder and E ^ l i e (1970) have shewn t h a t o l i v i n e c o r p o s i t i a i i s 

s e n s i t i v e t o the Fe2+/Mg r a t i o o f the melt i n which they grow, 

p a r t i c u l a r l y i n b a s a l t i c l i q u i d s . However, the whole rock analyses 

f o r the saiiples which have been probed (see chapter 4 f o r 1910 and 

1983 analyses and Scott, 1983 f o r 1981 analyses) show t h a t the 1983 

sarrple i s considerably more Mg-rich (5.99 weight % MgO) than the 1981 

and 1910 lavas which c o n t a i n 4.5-5.1 and 5.3 weight percent MgO 

r e s p e c t i v e l y . This apparently c o n t r a d i c t s Etoeder and E t e l i e (cjp. c i t ) 

and could be explained t y the o l i v i n e s being i n d i s e q u i l i b r i u m w i t h 

the magma, the causes o f which could be the processes which are 

discussed i n the f o l l c w i n g chapters. 

A f u r t h e r f e a t u r e o f o l i v i n e chemistry can be noted from the core-rim 

analyses w i t h i n i n d i v i d u a l c r y s t a l s i n t a b l e 3.4 which c o n f i r m the 

c e n p o s i t i o n a l zoning as deduced frem o p t i c a l c h a r a c t e r i s t i c s . The 

c r y s t a l rims are g e n e r a l l y Mg-poor, Fe- r i c h i n corparison t o the cores 

shewing the zoning t o be normal. One sanple o f 1981 lava (81/9b), 

hovever, d i s p l a y s a marked reverse zoning w h i l s t other o l i v i n e s i n 

t h i s lava are normally zoned. 

3.2.5 Opaque Microphenocrysts 

Opaque microphenocrysts are present as a minor phase (1-2% o f the 

t o t a l phenocryst volume) both i n the groundmass and as i n c l u s i o n s , 

p r i m a r i l y w i t h i n pyroxenes, but a l s o w i t h i n o l i v i n e phenocrysts as 

shewn i n f i g u r e 3.11. The c r y s t a l s have a c h a r a c t e r i s t i c subhedral. 
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granular form, normally i n the s i z e range 0.2-0.Sum and r a r e l y 

reaching a s i z e o f Imn i n diameter. 

Analyses o f t h i s phase are presented i n t a b l e 3.5 and the Fe2+/Fe3+ 

r a t i o s are c a l c u l a t e d using the method o f Carmichael (1967). A l l o f 

the opaques analysed are t i t a n c s t a g n e t i t e s and p l o t along the magnetite 

(Fe^+ Fe2^* 04) - u l v o s p i n e l (Fe2^ Ti04) s o l i d s o l u t i o n s e r i e s on 

the FeO-Fe203-Ti02 t e r n a r y diagram i n f i g u r e 3.12. The 

magnetite-ulvospinel s o l i d s o l u t i o n i s characterised by the 

s u b s t i t u t i o n : 

2Fe'* Fe^* + T i * * 

Mg and A l al s o occur i n the t i t a n o n a g n e t i t e s i n s i g n i f i c a n t amounts 

i n d i c a t i n g a s u b s t i t u t i o n f o r Fe2+ and Fe3+ r e s p e c t i v e l y (Deer e t . 

a l . , 1966). 

A considerable amount o f t i t a n i u m i s present i n the c r y s t a l s t r u c t u r e 

(up t o 15 weight percent) and the p r c p o r t i o n o f the u l v o s p i n e l 

molecule present i s r e l a t i v e l y high, ranging from 35 t o 50% i n d i c a t i n g 

h igh f02 c o n d i t i o n s i n the magma. C r i s t o f o l i n i e t . a l . (1987) have 

estimated the f02 c o n d i t i o n s o f the magm from t i t a n c u B g n e t i t e 

ccnpositions t o be "'10*-8 i n the 1983 lavas f o l l o w i n g the method o f 

Buddington and Linds l e y (1964). C r i s t o f o l i n i e t . a l (1987) estimated 

the c r y s t a l l i z a t i o n tenperature o f the opaques t o be about 1100*C frcm 

o l i v i n e - g l a s s (Simkin and Smith, 1970) and p l a g i o c l a s e - glass (Kudo 

and W e i l l , 1970) geothermcmeters as w e l l as d i r e c t tenperature 
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measurenents frcan the lavas. Using t h i s temperature estimate, the 

ti t a n c m a g n e t i t e analyses i n t a b l e 3.5 are p l o t t e d on the Buddingtai 

and Lindsley diagram ( l o g f02 vs T«C) i n f i g u r e 3.13; the analyses 

i n d i c a t e an f02 value o f around 10*-8, ranging between 10 *-7.5 and 

8.8, i n agreement w i t h the r e s u l t s o f C r i s t o f o l i n i e t . a l . (1987). 

Both included t i t a n o n a g n e t i t e s and microphenocrysts i n the groundmass 

have been probed and are represented i n f i g u r e 3.14 i n terms o f the 

u l v o s p i n e l molecular content. The wealth o f data f o r the 1981 and 

1983 lavas shows a s i g n i f i c a n t v a r i a t i o n w i t h i n lavas f r a n the same 

er u p t i o n , p a r t i c u l a r l y w i t h i n the 1981 lavas i n which two groupings can 

be recognised a t Usp 35-37 and Usp 48-52 i n f i g u r e 3.14. The 1983 

lavas show a more r e s t r i c t e d v a r i a t i o n i n opaque chemistry which 

ranges between Usp 40 and 55. Included titanomagnetites c o n s i s t e n t l y 

f a l l towards the magnetite end-member w i t h i n both the 1981 and 1983 

lavas, w h i l s t the micro- phenocrysts span the whole range but are 

concentrated more tcwards the u l v o s p i n e l end-member. The Usp-poor 

c l u s t e r i n the 1981 lavas contains d a n i n a n t l y opaque i n l u s i o n s w h i l s t 

the Usp-rich g r o i p contains e n t i r e l y groundmass microphenocrysts, a 

few, however, f a l l o u tside these groups. 
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3.3 Interpretation of Phenocryst Petrography i n the Study of the 
Magmatic History of the Lavas 

The phenocrysts within the Etnecin hawaiites provide evidence for 
substantial crystallisation in the magm prior to en^Jtion. 

Constraints upon this c r y s t a l l i z a t i a i i n the context of the volcano's 
plumbing system can be ctotained fron the study of lava textures and 
from phase s t a b i l i t y experiments. In addition, corplex morphological 
and chemical zoning exhibited by sane phenocryst phases, especially 
plagioclase, are potentially capable of providing valuable inforrration 
about magma dynamics during ascent. A detailed study of plagioclase 
crystal ncrphology is presented with this aim. 

3.3.1 Textural and experimental constraints upon magna crystallization 
within the volccino's plumbing system. 

The textural relationships in thin section can provide evidence for 
the relative crystallization sequence of the different phenocryst 
phases. Titanomgnetite and olivine both appear to be relatively early 
phases; titancmagnetite frequently occurs as inclusions in a l l other 
phases and olivine forms good euhedral crystals, often partly enclosed 
by pyroxene (figure 3.11). Pyroxene seems to have crystallised partly 
contenporaneously with plagioclase as i t shows a sub-ophitic 
relationship to plagioclase but is also often included \%dthin 
plagioclase. Thus, olivine and titancmagnetite are the earliest 
phases to crystallise possibly with some ecurly clinopyroxene; the 
later stages of crystallisation being daninated by plagiolcase and 
clinopyroxene. 
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In order to relate the inforrration provided by textural studies to 
crystallizatic^ within the volcano's plumbing systen, experirnental 
phase-stability studies in natural basciltic systems are used to place 
constaints upon the pressure-^epth environment of crystallization. 
Experimental work on natural basaltic systems, up to pressures of 
10kbar, have been carried out by Knutscn and Green (1975) and Green 
et. a l . (1967). Green et. a l . experiment^ed on an aikali-oiivine 
basalt with close chemical similarities with Etnean basalts. This 
experimental work showed that in the dry system at 1 atmosphere 
pressure, olivine i s present on the liquidus at 1250*C, joined by 
plagioclase at 1240'*C and clinopyroxene at 1220'C. At pressures of 
9kbar, however, the f i e l d of olivine and pyroxene expand, accorpanied 
by the suppression of plagioclase crystallisation to near-solidus 
toT^ratures at 1180*0. 

Knutson and Greens experiments on natural hawaiites show that with a 
2% to t a l volume addition of H20 to the melt, clinopyroxene is the 
liquidus phase at 10kbar and olivine + clinopyroxene are liquidus 
phases at 5-7.5kbar. Plagioclase is severely suppressed relative to 
tlie ferromagnesians and crystdUses at 6.5kbar at near solidus 

torperatures. 

The high relative abundance of plagioclase suggests. that i t must have 
crystallized at, or near, liquidus temperatures. The experiment of 
Knutson and Green (1975) i n the more realistic H20 system, suggests 
that plagiociase w i l l only be a liquidus phase at pressure well below 
6.5kbar. Above this, olivine and pyroxene w i l l dominate before 
plagioclase can crystallise at near-solidus ten^ratures. This 
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evidence places pressure oonstia i nts upon plagioclase crystallization 
to depths of 15km or less ie. above the d e ^ magma storage area. 
Olivine and pyroxene could have crystallised at higher pressures and 
greater depths; the close textural association of plagioclase and 
pyroxene suggests that pyroxene crystallised partly under similar 
conditions to plagioclase. The early appearance of olivine also 
suggests pressures of less than 10kbar, above which clinopyroxene w i l l 
doninate. Olivine and sane clinopyroxene crystallisation may 
therefore have taken place within the deep crustal storage area at 
18-24km depth. This SL^sports the discussion above (section 3.1) on 
the formation of hawaiites by the high-pressure fractionation of 
ferranagnesian phases. 

3.3.2 Morphological and chemical zoning features i n phenocrysts as 
evidence for the dynamic evolution of the magna during ascent. 

I t i s the ciim of this section to produce a general petrographic model 
for magma evolution from the interpretation of the conplex 
morphological and chemical zoning patterns i n some phenocryst phases 
which grew in the magma. Such a study w i l l provide information on 
variations i n crystal grc^/th mechanisms and rates of grcwth related to 
changing environments of crystallization i n addition to other 
processes such as magma mixing and crystal fractionation. Detailed 
modelling of individual lavas is not undertaken here, the dDjective i s 
to produce a general model of magma ascent fran petrographic evidence 
applicable to a l l lavas studied which can be incorporated into 
detailed petrogenetic models in later chapters. 
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The cxaipiex morphologies of large plagioclase phenocrysts (figures 
3.15-3.19) indicate that they are particularly sensitive to changing 
physical environments of crystallization conpared to the other phases 
present. As such, they must record the nost ccnprehensive record of 
magma ascent. Clinopyroxene also exhibits sane zoning features ccmron 
to plagioclase such as oscillatory zoning and weak skeletal 
morphologies but olivine and titancmagnetite do not shew any internal 
morphological features. Therefore, plagioclase i s most suited to a 
detailed textural study to investigate the evolution of the magma i n 
which i t grew; the less detailed record exhibited by pyroxene can 
probably be correlated with plagioclase given their partly 
conteaxporaneous histories. Plagioclase zoning cind morphology has been 
f a i r l y ccmprehensively studied (Lofgren, 1973, 1974, 1980; Kirkpatrick 
et. a l . , 1976, 1979; Usselmann, 1975) although their interpretation i s 
presently not f u l l y understood. 

The 1910 lavas are chosen for an i n i t i a l examination of plagioclase 
zoning and a subsequent carparison is made with the other lavas 
belonging to succeeding eruptions studied to define the overall 
morphological characteristics of plagioclase for the 1910-1983 period. 

( i ) Description of Plagiolcase Morphology and Zoning 

The crystal habits of the feldspar phenocrysts are consistently very 
irregular cannonly having blocky protrusions on crystal faces (figures 
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3.15 and 3.18) and occasional large rounded plagioclase phenocrysts 
are observed (figure 3.20) which appear to have been resorbed. 
Piagioclases within the 1910 lavas range in size between 0.2 and 4rmi 
and the majority of crystals f a l l within the range 0.2-lnin. Larger 
phenocrysts (>1.5mn), although always present, are not i n great 
abundance. 

Two fundamental types of plagioclase phenocryst are recognised on the 
basis of zoning and morphological patterns, these are termed "type 1" 
and "type 2" piagioclases. 

Type 1 crystal morphologies characterise the larger phenocrysts, being 
generally greater than Inm and very corplexely zoned shewing several 
stages of grcwth. Figures 3.15 to 3.19 shew typical exanples of Type 
1 piagioclases and figure 3.21 i s a diagramratic representation 
shewing their main characteristics. They conprise a very patchy zoned 
inner core with an irregular outline which is often skeletal 
containing glassy inclusions (figure 3.16). The core peisses into the 
inner mantle region which contains clear, unzoned regions, thin 
convolute-planar oscillatory zoned areas and a few glassy inclusions 
around which wav^ oscillatory zones often flew (figure 3.17). The 
outer nantle region-(figures 3.15 - 3.18) ccnprises intensely skeletal 
zones which contain many glassy inclusions lying parallel to the 
polysynthetic twin planes and sanetimes parallel to the oscillatory 
zones. There are often several concentric zones of inclusions divided 
by thin clear zones displaying planar oscillatory zoning (figure 
3.19). The rin:is of the crystals are not skeletal but exhibit a 
well-developed, planar oscillatory zoning. 
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Type 2 crystal morphologies are characterise the smaller phenocrysts 
(<litin). Figures 3.22 and 3.23 show their characteristics and figure 
3.21 shows diagrarnretic representations of the various kinds of type 2 
plagioclases.' The morphology is very much simpler than that of the 
Type 1 crystals, the majority displaying a simple skeletal core and a 
planar,' oscillatory zoned rim (figure 3.22). Variations on this 
pattern have been noted in figures 3.21 and 3.22, sane with a small, 
clear subround core and others with a skeletal core, a euhedral inner 
mantle, a skeletal outer mantle and an oscillatory zoned rim. 

The cl a s s i f i c a t i a i described above is based upon the 1910 lavas, 
however, plagioclase crystals within other lavas of the 1910-1983 
period generally exibit very similar crystal morphologies and zoning 
patterns. Type 1 phenocrysts are recognisable i n a l l other lavas 
though with slight variations on the basic morphology discussed above. 
For exanple. Type 1 phenocryst cores within the 1983 lavas show an 
intense patchy and skeletal morphology although the overall zoning 
pattern is conparable to 1910 crystals. Many lavas, particularly 
those of 1983, display increased proportions of resorbed, corroded 
large phenocrysts with vermicular be rders, apparently i n 
disquilibrium (figure 3.20). 

( i i ) Interpretation of Crystal Morphology 

An understanding of crystal grcMth theory is necessary i n the 
understanding of the morphological features shown by the Etna 
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plagioclases. There are three principal processes involved i n crystal 
growth (Dowty 1980): 

a) INTERFACt: GRCWIH MEXHANISMS - the movonent of material 
across the melt-crystcil interface and i t s attachment to the 
crystal surface. 

b) MATERIAL TRANSPORT - diffusion of material through the 
liquid to the grwing crystal 

c) HEAT TRANSFER - reitoval of the latent heat of 
crystallisaticn. 

The level of si^^ercooling and the ccnposition of the magna w i l l 
strongly influence the above processes. 

a) Interface Grcwth Medianisms 
Crystals grow primarily by 2 mechanisms, one of which w i l l be 
doninant: 

INTERFACE GRam MECHANISMS = Continuous growth 
+ 

Layer growth 

The continuous growth mechanism allows atans to attach themselves 
wherever they land on the crystal surface resulting i n a rough, 
non-planar surface and is characteristic of high grcwth rates at high 
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degrees of st^ser- cooling. In layer growth, however, atoms can move 
freely over the surface (surface diffusion) and can only attach 
themselves at the edges of layers or steps. Layer growth i s 
associated with smooth, planar interfaces and slew grcwth rates at lew 
degrees of st^^ercooiing. 

b) Material Transport 
There are three types of naterial transport; 

- Volume diffusion - transport within the liquid 
- Interface diffusion - transport across the liquid/crystal 

interface 
- Surface diffusion - occurs i n layer grcwth parallel to the 

interface 

The kinetics of volume diffusion may be slow relative to the growth 
rate of the crystal and thus carpositional gradients can be 
established in the liquid surrounding the crystal. This has the 
effect of reducing the groArth rate of the crystal because the liquid 
is depleted in the crystallising ccnponents. The term applied to this 
conditicffi i s constitutional supercooling and the rate of diffusion 
w i l l actually control the grcwth of the crystal.. The degree of 
supercooling increases away fran the crystal which may lead to 
morphological in s t a b i l i t y . Crystals with diffusion controlled grcwth 
w i l l often develop the f i r s t signs of in s t a b i l i t y as a cellular 
morphology. Many igneous rocks show a sequence of non-ccmpact 
morphologies with increasing supercooling (Dcwty, 1980). 
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c) Heat transfer 
The latent heat of crystallisation may build up at an interface and 
have a similar effect as constitutional SL?3ercooling with tenperature 
decreasing, and thus degree of supercooling, increasing away frcm the 
interface. I f the rate of production of latent heat is greater than 
the rate of i t s ronovcil, the build-t^J of heat at the interface causes 
growth rate to decrease u n t i l the heat si5>plied balances the heat 
removed. 

Recent experimental studies in the Ab-An-H20 system (Lofgreji 
1973,1974) and in the Ab-An system (Kirkpatrick et. a l . 1976, 1979) 
have investigated the relationship between plagioclase norphology and 
the degree of si:5>eroooling which governs the growth mechanism and rate 
of the crystals. Plagioclases crystallising from natural basaltic 
liquids have been studied by Lofgren (1974) and Usselmann et. a l . 
(1975). 

The experimental studies of Lofgren (1974), in the Ab-An-H20 system 
under water-saturated conditions ("10 wt. % H20) at a PH20 of 5Kb, 
demonstrated a gradual systematic change in plagioclase crystal 
morphology with increasing degree of supercooling and grcwth rate:-
tabular-acicular- skeletal-dendritic-spherulitic. Morphology and 
grcwth rate was also observed to be affected by the canposition of the 
plagioclase with grc^vth rate generally increasing with An content. 
Lofgrerfe results, shown in figure 3.24, desnonstrate that large tabular 

P 
crystals form at undercoolings of i00-150*C, skeletal mDrhoiogies at 
1U0-200'*C (depending en corposition) and above this dendritic and 
spherulitic morphologies develop. Hcwever, these values vary 
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significantly between anhyrous and hydrous conditions which affect 
solidus and liquidus ten5)eratures as shewn by Kirkpatrick et. a l . 
(1979). Kirkpatrick et. a l . (op. c i t . ) experimented on plagioclase 
morphology in the anĥ o-ous Ab-An system and described similar changes 
in plagioclase morphology in relation to si^rcooling as Lofgren 
(1974) but at significantly Icwer values of supercooling and within a 
much restricted range. 

Lofgren (cp. c i t . ) also experimented on natural ocean ridge basalts 
and showed the following variation in plagioclase crystal morphology 
as a function of si.$>ercooling: 

Tabular 
10-
20-
30-
40- Acicuiar 

AT, '*C and 
50- Skeletal 
60-
70-
80- Spherulitic 
90-

The above results probably relate more closely to the observed 
plagioclase mDrphologies of this study than either the highly 
saturated and anhydrous experiments. Hcwever, the supercooling values 
for a given morpliology, as stressed by Lofgren, s t r i c t l y relate to the 
exact physical conditions of the experiment; parameters that alter the 
diffusion rate in the melt would change the crystal morphology -
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supercooling relationships. The results on the natural basalt system 
are, though, used as a loose guide i n the interpretation of 
morphological features i n plagioclases in respect to the degree of 
st^jercooling in this study. 

-Diffusion controlled growth i n plagioclase 
Diffusicn control produces a non-faceted grcwth and w i l l ccrmence only 
at high degrees of supercooling when growth rate becomes controlled by 
volume diffusion. As the crystallizing corponent increases i n 
concentration away from the interface, so the degree of supercooling 
also increases. This produces a morphological i n s t a b i l i t y and causes 
solid, planar interfaces to break down (Dowty 1980). Protruding parts 
of the interface enter areas of liquid which have a higher degree of 
supercooling allowing the protrusions to grow faster. Non-ccnpact 
morphologies thus develop such as cellular interfaces, skeletal 
crystals and dendrites (Kirkpatrick 1975). The grewtli of the 
protrusions into the liquid i n effect by-passes and isolates the 
depleted liquid so that a stable situation is reached and interface 
controlled grewth reoommences. Therefore, skeletal morphologies, such 
as those observed in the Etna piagioclases, can be produced by rapid 
volume-diffusion controlled grcwth at high supercoolings ("'30-70*'C). 
Hibbard (1981) and Kuo and Kirkpatrick (1982) attribute glassy 
inclusion zones to rs^id growth with skeletal arms trapping liquid 
during fast growth. 

An alternative explanation for the formation of skeletal habits is 
proposed by Tsuchiyama and Takahashi (1983). During melting 
experiments of labradorite the crystal shapes becone rounded at 
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tenperatures of 1325-1450®C but at higher tenperatures melting also 
occurs at sites within the crystal. Sigurdsson (1971) and 
Eichelberger (1978) suggest that the melting may be due the mixing of 
magmas with contesting tenperatures. Although the textures produced 
by these experiments are similar in some respects to the skeletal 
habits in the Etna plagoclases, the follaving observations do not 
however agree with this mode of formation: 

a. Several skeletal zones in the type 1 crystals are separated 
by narrow plcinar oscillatory zones. The edges of the 
skeletal zones are often strciight. In the experiments of 
Tsuchiyama and TaJ^ahashi (1983) the melting produced a 
skeletal zone throughout the whole crystal. 

b. Skeletal zones in the Etna plagioclases scmetimes shew convolute 
oscillatory zoning which is well-developed i n the inner mantle of 
the type 1 crystals. These zones run parallel to glassy 
inclusions shc^ong the skeletal arms to have a constructive 
origin which trapped melt during rapid grewth. 

c Skeletal areas are often associated with a patchy zoning or 
cellular morphology which is attributed to rapid 
diffusion-controlled growth (Vance 1963, Anderson 1984). 

Patchy zoning is thought to be associated with a cellular grcwth 
morphology (Anderson 1984) and seems to have received relatively 
l i t t l e attention. Vance (1963) attributes i t to high degrees of 
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si:?)ercooling and very rapid growth, more so than skeletal 
morphologies. Anderson (1984) described patchy zoned regions 
associated with irregular, oscillatory zones and glassy inclusions and 
suggests large degrees of si.?>ersaturatiai and irregular cellular 
growth. Kirkpatrick (1975) also suggested that cellular morphology is 
a result of rapid growth rates and large si^ercoolings. Resorption i s 
not envisaged to be the cause of this particular norphology as melting 
tends to proceed preferentially along la t t i c e defects to produce 
irregular, vermicular boundaries. Patchy zoned regions often have 
sinuous o u t l i n e and are associated with sinuous, convolute 
oscillatory zones (Anderson 1984 and this study) subparallel to the 
walls of inclusions. This evidence is consistent with a growth origin 
rather than a destructive melting origin. 

- Interface-Controlled Groortli i n Plagioclase 
At small degrees of si^ercooling (<30"C) the growth mechanism w i l l be 
daninated by the interface, layer growth mechanism where crystals 
grow with stable, planar interfaces (Kirkpatrick, 1975; Lofgren, 
1974). This is thought to be a major process i n the crystallization 
of igneous rocks and forms an inportant part of crystal growth theory. 

Within the Etna plagioclases, stable, planar interfaces exist within 
the oscillatory zoned regions. Oscillatory zoning represents rhythmic 
alternations of An poor and An rich zones on a micron scale. The 
cotpositional variation may be as l i t t l e as 1-2% An. Hypotheses to 
explain this type of zoning involve either cyclic changes in external 
conditions (pressure, ten?>erature, convection, degassing) or the 
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interaction between rates of crystal grcwth and ionic diffusion. 

Theories whicii account for oscillatory zoning in terms of external 
influences affecting changes in plagioclase-liquid equilibrium are 
discounted by Anderson (1984) as the equilibrium ocrposition of 
plagioclase has been shown experimentally to be insensitive to minor 
changes i n pressure and tenperature (Pringle et. a i . 1974) Therefore, 
changes of 1% or so in An content within hundreds of zones i n one 
crystal is thought most unlikely to be caused by this mechanism. 
Furthermore, Wiebe (1968) has shown that oscillatory zones in 
plagioclases frcm the same rock cannot be correlated with one another 
indicating that they cannot be caused ty fluctuating external 
conditions. 

Harloff (1927) was the f i r s t to offer an explanation for oscillatory 
zoning i n terms of diffusion controlled growth. Bottinga et. a l . 
(1966) have modified this theory and postulate diffusion and interface 
control to be responsible for oscillatory zoning. I n i t i a l growth is 
shown to deplete the Ca content of the liquid surrounding the crystal 
causing a reduction in st^jercooling. Consequently, grcwth rate 
decreases allowing Ca to diffuse in and replenish the liquid, thus 
Ca-rich and Ca-poor zones can be created. The rapid grcwth rate by 
the continuous mechanism at high si^jercoolings causes a diffusion 
gradient in the liquid. As a result the supercooling is reduced so 
that the mechanism changes to layer growth at a slew rate. The cycle 
can then repeat i t s e l f . However, there is no evidence frcm 
experiments or fran observed morphologies that plagioclase ever grows 
by the continuous mechanism (Dowty, 1980). The abrv^t contact between 
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Ca-rich and Ca-poor zones is thought, by Harloff (1927), to be caused 
by the mineral encountering a diffusing wave of calcium. Bottinga et 
al (1966) though postulate that at the end of a cycle the crystal i s 
slightly displaced and brought into contact with fresh liquid. 

Sibly et. a l . (1976) and Lofgren (1974) both proposed similar models 
to those above but disagree with the diffusion-controlled continuous 
grcwth mechanism of Bottinga et a l . Sibly's model involves i n i t i a l 
grcwth setting up the concentration gradient around the crystal. This 
produces a successively Ca depleted zone. Grcwth may cease at the end 
of the cycle due to extrorie depletion in Ca in the boundary layer. 
Because the plagioclase is growing by the layer mechanism, the 
boundary layer may have to became f a i r l y calcic agciin to enable a new 
layer to nucleate and grew (the right degree of supercooling is 
required to i n i t i a t e growth). 
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i i i . A model for magna evolution fran the interpretation of 
plagioclase crystal morphology and phenocryst chonistry 

Type 1 plagioclase phenocrysts provide the most ccnplete record of 
changing physico-chemical conditions in the nagma during crystal 
grcwth and a model for the dynamic evoluticai of the magma within the 
volcano's plumbing system from the interpretation of these crystals is 
presented. As plagioclase c r y s t a l l i z a t i a i has been established to be 
restricted to depths of less than 15km, the starting point for 
plagioclase crystallization is assumed to be in the central conduit 
above the deep magma storage region at *'20km depth. 

The strongly patchy-zoned, cellular type 1 crystal cores suggest 
i n i t i a l nucleation and growth under conditions of extreme supercooling 
(up to" 70"C) resulting in very high grewth rates by the continuous 
grcwth method. The high degree of supercooling could be caused by the 
sudden release of magma from the deep storage region up into the 
central conduit system, accenpanied ty sudden drop i n pressure. 

The inner mantle region consisting of clear zones, wav^y and planar 
oscillatory zones, and seme glassy skeletal regions provides evidence 
that after the rapid core grcwth, conditions i n the mgma generally 
stabilized and the degree of undercooling decrease to less than c.30''C 
(Lofgren, 1974). Unzoned, clear regions could be the result of an 
equilibrium situation in the magma whereby diffusion and crystal 
grewth are balanced. A decrease in the diffusion rate probably 
resulted i n the formation of oscillatory zones which seem to have 
developed on an irregularly-shaped crystal, hence the wavjy 
oscillatory zones. Conditions in the magma were therefore relatively 
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stable and the nagma was probably either stable or ascending slowly, 

but not p a r t i c u l a r l y steadily as indicated by the occas_;ional presence 

of weakly s k e l e t a l zones containing glassy inclusions. These areas 

represent an increase i n st4)ercooling and diffusion-controlled 

continuous growth before a return to rrore stable conditions by layer 

grcwth resulting i n wav^y o s c i l l a t o r y zones f l o d n g around glassy 

inclusions and the irregular c r y s t a l shape produced by previous rapid 

growth. The way_y o s c i l l a t o r y zones eventually develop into nore 

planar interfaces (figure 3.17). The inpl i c a t i o n s then of the inner 

mantle zone are a prevalence of r e l a t i v e l y stable conditions i n 

slew-moving/ stationary magma occas^ionally interrupted by more rapid 

ascent before a return to a more sedate environment. 

The strongly s k e l e t a l zones of the outer mantle mark a d r a s t i c change 

i n the degree of st^jercooling i n the magma. The incrusion-rich zones 

are a product of very rapid growth caused by an abrupt increase i n 

supercooling (>30*C). The intense s k e l e t a l morphology i s often 

punctuated sharply by narrow regions of planar o s c i l l a t o r y zones 

recording tenpofary stable physical magma conditions before a sudden 

return to s k e l e t a l growth. The outer mantle i s therefore interpreted 

to represent the f i n a l rapid and e r r a t i c ascent of the magna to the 

high-level system with corresponding d r a s t i c reduction i n confining 

pressure. This would cause rapid supercooling and fa s t s k e l e t a l 
a t 

grcwth; the narrow oscilJjory zones r e f l e c t i n g pauses and periods of 

quiescence during rapid ascent to the surface. 

The outermost, oscillatory-zoned (generally sodic) rims of the 

phenocrysts represent f i n a l lav growth rates and low supercooling 
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iimediately prior to eruption. Dcwnes (1973), i n a study of quenched 

1971 lava sanples taken d i r e c t l y fran the vent, shewed that t h i s sodic 

rim was present i n a l l sanples indicating that they are not quench 

features. The very presence of o s c i l l a t o r y zoning i n fact suggests a 

slew magmatic growth rather than a quench origin. 

The smaller Type 2 plagioclase phenocrysts can be genetically related 

to the large Type I ' s by ccnparing t h e i r morphological features 

(figure 3.21). The majority of Type 2 c r y s t a l s have s k e l e t a l cores 

and mantles with oscillatory-zoned rims of the same ocmposition to 

those of the Type 1 c r y s t a l s . The Type 2 c r y s t a l s have therefore 

nucleated and grown mainly under conditions of high supercooling which 

could correlate to the l a t e r s k e l e t a l outer mantle grcwth stage of the 

Type 1 c r y s t a l s succeeded by o s c i l l a t o r y rim grcwth. Type 2 

phenocrysts with more caiplex morphologies (figure 3.21) could have 

nucleated e a r l i e r than the more siirple ones and thus record more of 

the outer mantle features shewn by Type 1 phenocrysts i e . the 

intermittent o s c i l l a t o r y growth i n an ov e r a l l intense s k e l e t a l grcwth 

phase. 

Kuo and Kirkpatrick (1982) and Duncan and Preston (1985), i n studies 

of mid-Atlantic ridge and Etnean plagioclase phenocrysts respectively, 

described s i m i l a r c r y s t a l morphologies which they have a l t e r n a t i v e l y 

related to magma mixing. 

Kuo and Kirkpatrick (1982) associated core morphologies to an early 

growth during the i n j e c t i o n of a primitive magma into a fractionating. 
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evolving nagma chairber. The mixing of magmas with contrasting 

totperatures and corpositicxi was envisaged to r e s u l t i n undercooling 

and s k e l e t a l morphologies i n the c r y s t a l nantles. A similar history 

for the Etna plagioclases i s not plausible since plagioclase growth i s 

r e s t r i c t e d to depths above the probable l o c a l i t y of the storage region 

where the magma i s thought to evolve (see section 3.1). Additionally, 

magma mixing, as w i l l be shewn l a t e r , i s only l i k e l y to occur i n the 

shallow-level plumbing system which would iitply, according to the 

present interpretation of c r y s t a l morphology, that the effects of 

mixing can only be recorded on the rims of the c r y s t a l s . 

Duncan and Preston (1985) showed, from a study of many Etnean hawaiite 

flows, the existence of two main types of plagioclase association on 

the basis of c r y s t a l morphology. The "type A" association contains 

rounded, reverse zoned (An60-An70) phenocrysts co-existing with 

euhedral, normal zoned (An72-78/An66-73) plagioclase phenocrysts as 

observed i n t h i s study. This association i s explained by the mixing of 

two magmas with contrasting chemical and thermal properties. The rrore 

Na-rich plagioclases in the lower torperature melt became superheated 

and resorbed and are mantled by more An-rich material than the core to 

produce rounded, reverse-zoned c r y s t a l s . The plagioclase phenocrysts 

i n tlie higher terrperature melt are, i n effect, sipercooled and undergo 

rapid, s k e l e t a l growth to produce the concentric bands of glassy 

inclusions. The "type B" association consists of resorbed, rounded 

phenocrysts and euhedral c r y s t a l s , both normally zoned and of a 

similar catposition (An72-82/ An58-65). The rounded phenocrysts are 

postulated to be xenocrysts incorporated into the melt and resorbed. 
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However, i t has been argued that the effects of possible mixing w i l l 

only be recorded by the chemistry of the c r y s t a l rims and probably by 

the i r external mDrphologies, the bulk of piagioclase growth being 

proposed to have developed during negm ascent; the strongly s k e l e t a l 

zones having formed by f i n a l rapid ascent associated with high 

supercooling. In t h i s context, the reverse-zoned and resorbed 

phenocrysts of Duncan and Preston (1985) and the reverse-zoned 

c r y s t a l s recorded i n t h i s study (section 3.2 shewn by core-rim 

analyses) co-existing with normal-zoned c r y s t a l s could be the r e s u l t 

of magma mixing (or c r y s t a l fractionation); reverse-zoned, resorbed 

plagioclases (figure 3.20) may have been incorporated into a hotter 

magma, resorbed and rijimed with more c a l c i c material. I n addition, 

variations i n the Fe/Mg r a t i o of o l i v i n e cores and the presence of 

different generations of titancmagnetite phenocrysts within the same 

sanples suggests similar processes. The 1981 lavas i n p a r t i c u l a r 

contain titancmagnetite microphenocrysts which can be divided into two 

ccnpositional groups: those that occur as inclusions (Usp 35-37), and 

those that occur as micro- phenocrysts i n the groundmass. This may 

indicate that Uie opaques which are included within other c r y s t a l s 

were added, with their host, into a diff e r e n t magma containing opaques 

of a s l i g h t l y different corposition either by mixing or c r y s t a l 

fractionation. 

In sunmary, the ccnplex morphological zoning exhibited by large, Type 

1, plagioclase c r y s t a l s are interpreted to record the dynamics of 

magna ascent frcm, at most, 15km depth through the central conduit 

systan of the volcano. I n i t i a l nucleation occurred under conditions 

70 



of high si^jercooling a f t e r the release of magma from the deep storage 

area. This was f o l l w e d by more stable, lew plagioclase growth rate 

conditions at undercooling of <30*C i n slow-moving/stationary ntiyma 

occas^ionally interrupted by increased SL5)ercooling periods related to 

an irregular ascent rate. The intensely s k e l e t a l outer rrantle zones 

record sudden, e r r a t i c f a s t ascent towards the surface, with 

occassional pauses. Type 2 plagioclase c r y s t a l s are suggested to 

have nucleated during the outer mantle-forming stage of the Type 1 

c r y s t a l s under conditions of high supercooling. A short period of 

slew grcwth occurred ojtmediately before eruption. Different crcps of 

chemically contrasting plagioclase, o l i v i n e and titancmagnetite 

phenocrysts within individual lavas sanples a l s o indicate possible 

late-stage mixing or fractionation processes at a high l e v e l . 
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Table 3.1 
Major Oxide C h a r a c t e r i s t i c s of Etna Lavas, 1910-1983 

(see chapter 4 for complete analyses of i n d i v i d u a l samples) 

Si02 A1203 T i 0 2 Fe203 FeO MgO CaO Na20 K20 MnO P205 

Mean 48.22 17.30 1.74 11.05 6.56 5.41 10.27 4.06 1.75 0.19 0.56 
Std. Dev 0.82 0.75 0.16 0.52 0.64 0.59 0.33 0.37 0.12 0.02 0.04 
Max. 52.13 19.79 1.74 12.13 7.47 6.21 10.85 5.02 2.33 0.21 0.78 
Min 46.78 16.05 1.53 8.79 5.31 3.02 8.11 3.29 1.62 0.17 0.48 
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TABLE 3.2 
Probe ana l y s e s of la r g e Olmm) p l a g i o c l a s e phenocrysts 

1910 Lavas 

weight % Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim 

Na20 2.71 4.69 2.51 5. 24 2. 29 3.22 2.57 4.56 2.24 4. 17 2.02 4.43 1.59 2.64 
A1203 30.40 28. 20 30.87 27.50 31.36 29.06 31.60 27.95 30.64 28.08 31.93 28.71 32.37 31.45 
Si02 48.82 53.34 48.63 54.00 47.44 50.41 48.77 52.57 48. 25 51.28 48.04 53.25 46.04 49.31 
K20 0. 19 0.33 0. 14 0.43 0.09 0. 18 0.00 0. 27 0. 14 0. 29 0.09 0. 26 0.00 0.11 
CaO 13.93 10.73 14.48 10. 25 15.01 12.54 14.75 11.05 14.31 11.66 15.29 11,26 15.98 14.51 
Fe203 0.86 0.81 . 0.73 0.55 0.56. 0.82 0.74 0.74 0.93 0.80 0.54 0.78 0.49 0.53 

T o t a l 96.91 98. 26 97.37 98. 17 96.74 96. 23 98.56 97.28 96.53 96.40 97.91 98.84 96.48 98.54 

NUMBERS OF IONS ON THE BASIS OF 8 OXYGENS 

S i 2.30 2.46 2. 28 2.49 2. 24 2.38 2. 26 2.45 2. 28 2.42 2.24 2.44 2. 19 2. 28 
Al 1.69 1.53 1.71 1.49 1.75 1.62 1.73 1.53 1.71 1.56 1.76 1.55 1.81 1.72 
Fe3 + 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.04 0.03 0.02 0.03 0.02 0.02 
Na 0. 25 0.42 0. 23 0.47 0.21 0.30 0. 23 0.41 0.21 0.38 0. 18 0.39 0. 15 0. 24 
Ca 0.70 0.53 0.73 0.51 0.76 0.63 0.73 0.55 0.73 0.59 0.77 0.55 0.81 0.72 
K 0.01 0.02 0.01 0.03 0.01 0.01 0.00 0.01 0.01 0.02 0.01 0.02 0.00 0.01 

Ab 26.0 43.3 23.7 46.5 21.4 31.9 24.0 42.3 22. 1 38.4 18.8 40.6 15.6 24.7 
An 72.9 54.6 75.3 50.5 77.6 67.0 76.0 56.7 76.8 59.6 80.2 57.3 84.4 74.2 
Or 1. 1 2. 1 1.0 3.0 1.0 1. 1 0.0 1.0 1. 1 2.0 1.0 2. 1 0.0 1. 1 

Samples: ES90 = 1 & 2 Ab:An:Or = atomic % Ca:Na :K 
ES92 = 
ES24 = 

3-5 
6 & 

Ab:An:Or atomic % Ca:Na:K 



TABLE 3.2 continued 
Probe ana l y s e s of la r g e (>1mm) p l a g i o c l a s e phenocrysts 

1981 Lavas 

weight % Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim 

Na20 1.64 3.69 1.30 1.60 1.82 3.80 1.62 3.94 1.41 4.05 1.46 3.95 1.69 4.24 
A1203 32.92 29.59 33.01 32.55 31.85 29. 22 32.84 29.34 32.90 29.33 33. 14 29. 22 32.89 28.76 
S i 0 2 46.96 50.87 47. 10 47.21 47.89 51.84 48. 18 52.09 46.96 52.44 47. 17 52.58 47.72 53.08 
K20 0.0 0. 25 0.0 0.0 0. 18 0. 28 0.09 0.34 0. 12 0.31 0.09 0.34 0.11 0.41 
CaO 16.67 13.04 16.83 16.39 15.89. 12.40 16. 15 12.62 16.68 12. 11 16.70 12. 28 16. 21 11.70 
Fe203 0.48 0.86 0.74 0.65 0.70 0.96 0.65 0.86 0.81 0.72 0.68 0.84 0.78 0.81 

T o t a l 98.67 98.44 98.98 98.40 98.33 98.50 99.53 99. 19 98.88 98.96 99. 24 99. 21 99.40 99.00 

NUMBERS OF IONS ON THE BASIS OF 8 OXYGENS 

S i 2. 18 2.36 2. 18 2. 20 2. 23 • 2.39 2. 22 2.39 2. 18 2.40 2. 18 2.40 2. 20 2.43 
Al 1.81 1.62 1.81 1.79 1.75 1.59 1.78 1.59 1.80 1.58 1.81 1.58 1.79 1.55 
Fe3 + 0.02 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Na 0. 15 0.33 0.12 0. 15 0. 17 0.34 0. 15 0.35 0. 13 0.36 0. 13 0.35 0. 15 0.38 
Ca 0.83 0.65 0.84 0.82 0.79 0.61 0.80 0.62 0.83 0.59 0.83 0.60 0.80 0.57 
K 0.00 0.02 0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 

Ab 15.3 33.0 12.5 15.5 17.5 35. 1 15.6 35.4 13.4 37. 1 13.4 36. 1 15.6 39. 2 
An 84.7 65.0 87.5 84.5 81.4 62.9 83.3 62.6 85.6 60.8 85.6 61.9 83.3 58.8 
Or 0.0 2.0 0.0 0.0 1. 1 2.0 1. 1 2.0 1.0 2. 1 1.0 2.0 1. 1 2.0 

Samples: 81/6 = 1-3 
81/9b = 4-7 

Ab:An:0r atomic % Ca:Na:K 



TABLE 3.2 continued 
Probe ana l y s e s of la r g e (>lmm) p l a g i o c l a s e phenocrysts 

1983 Lavas 

weight % Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim 

Na20 1.75 3.61 1.46 3.89 4.67 3.35 4.39 3.44 4. 17 3.99 1.88 3.60 
A1203 32.06 29.34 32.85 29.59 28. 21 29.68 27.94 29.50 29. 26 30. 16 32.65 29.38 
Si02 46.88 51.34 47.82 52.07 52.77 50.66 53.29 50.82 54.29 51.95 47. 23 51.44 
K20 0. 19 0.40 0. 16 0.37 0.57 0.30 0.53 0.40 0.45 0.3 1 0. 14 0.35 
CaO 16. 19 12.50 16.75 12.78 11.11 13. 20 11.59 13.62 11.73 13. 16 16.89 13.56 
Fe203 0.71 0.73 0.82 0.78 0.65 0.80 0.73 0.79 0.77 0.78 0.66 0.73 

T o t a l 97.78 97.92 99.86 98.48 97.98 97.99 98.47 98.57 100.67 100.35 99.45 99.06 

NUMBERS OF IONS ON THE BASIS 1 OF 8 OXYGENS 

S i 2. 20 2.38 2. 20 2.38 2.44 2.35 2.45 2.35 2.45 2.36 2. 19 2.37 
Al 1.78 1.61 1.78 1.60 1.54 1.63 1.51 1.61 1.55 1.62 1.78 1.59 
Fe3 + 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Na 0. 16 0.32 0. 13 0.35 0.42 0.30 0.39 0.31 0.36 0.35 0.17 0.32 
Ca 0.82 0.62 0.83 0.63 0.55 0.66 0.57 0.67 0.57 0.64 0.84 0.67 
K 0.01 0.02 0.01 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.01 0.02 

Ab 16. 1 33.5 13.4 34.8 41.7 30.9 39.4 31.0 38. 1 34.8 16.7 31.7 
An 82.7 64. 1 85.6 63. 1 54.9 67.3 57.6 67.0 59.2 63.4 82.3 66.3 
Or 1.2 2.4 1.0 2. 1 3.4 1.8 3.0 2.0 2.7 1.8 1.0 2.0 

Samples: - DK16 = 2 5 6 Ab: An:Or = atomic % Ca:Na:K 

- J 
Ĵ1 

- DK24 1 3 4 



TABLE 3.2 continued 
Probe ana l y s e s of small (<1min) p l a g i o c l a s e phenocrysts 

weight % 1910 1910 1910 1910 1981 1981 1981 1983 1983 1983 1983 1983 

Na20 5. 12 4.40 2.82 4. 11 4.61 4.00 3.09 4.62 4.06 3.98 3. 23 3.39 
A1203 27.96 28. 19 30.44 28.72 28.34 29. 25 31.12 28.55 29.4 2 29.40 29.75 30.57 
Si02 54.67 52.28 50. 26 52.93 53.80 52.49 49.73 53.73 53. 23 52.08 50.86 50.33 
K20 0.40 0. 27 0. 18 0.27 0.46 0.33 0.21 0.56 0.35 0.40 0.38 0. 20 
CaO 10.43 11.37 13.75 11.43 11.21 12.07 14.52 11.25 12.31 12.49 13.05 13.81 
Fe203 0.77 0.83 0.87 0.75 0.82 0.53 0.83 0.76 0.79 0.74 0.79 0.70 

T o t a l 99.35 97.34 98.32 98.21 99. 24 98.67 99.50 99.46 100. 17 99.09 98.05 99.00 

NUMBERS OF IONS ON THE BASIS OF 8 OXYGENS 

S i 2.48 2.44 2.33 2.44 2.45 2.41 2. 29 2.45 2.41 2.39 2.36 2.32 
Al 1.50 1.55 1.66 1.56 1.52 1.58 1.69 1.54 1.57 1.59 1.63 1.66 
Fe3 + 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03 
Na 0.45 0.40 0. 25 0.37 0.41 0.36 0.28 0.41 0.36 0.35 0.29 0.30 
Ca 0.51 0.57 0.68 0.56 0.55 0.59 0.72 0.55 0.60 0.61 0.65 0.68 
K 0.02 0.02 0.01 0.02 0.03 0.02 0.01 0.03 0.02 0.02 0.02 0.01 

Ab 45.9 40.4 26.6 38.9 41.4 37. 1 27.7 41.2 36.6 35.7 30.2 30.4 
An 52.0 57.6 72.3 58.9 55.6 60.8 71.3 55.5 61.3 61.9 67.5 68.5 
Or 2. 1 2.0 1. 1 2. 1 3.0 2. 1 1.0 3.3 2. 1 2.4 2.3 1. 1 

-0 
ô  

Ab:An:0r atomic % Ca:Na:K 



TABLE 3.3 
Probe a n a l y s e s of pyroxene p h e n o c r y s t s 

1910 L a v a s 

weight % 
1 2 3 4 5 6 7 8 weight % Core - Rim Core Core Core - Rim Core - Rim - Rim Rim Core • - Rim Core • - Rim 

S i 0 2 49.68 49.08 48.75 48.30 49.79 49.65 47.99 48.59 48. 15 48.96 49.82 47.55 49. 12 49.65 A1203 3.64 4. 14 4.84 4.99 3.90 3.72 5.44 4.65 4.64 4.46 3.67 6.00 4. 24 4. 13 T i 0 2 . 0.95 1.42 1.68 1.48 1.46 1.31 1.56 1.70 1.58 1.4 1 1.35 1.85 1.54 1.32 FeO 7.31 7.36 8.72 7.64 8. 29 8. 19 8. 20 8. 13 8. 13 7.92 8.3 1 8.43 8.45 7.45 MgO 13.53 13.35 12. 13 12.7 1 13. 15 13.06 12.76 12.81 12.57 12.82 13. 14 12. 10 12.68 13, 13 CaO 21.71 21.58 21.25 21.69 21. 28 21. 16 21.49 21.64 21.47 21.46 21.35 21.47 21.68 21.74 Na20 nd nd 0.59 nd 0.56 nd 0.42 0.63 nd 0.52 0.51 nd nd nd MnO 0. 12 0. 14 0. 23 nd 0. 13 0. 17 0.12 0. 20 0. 15 0. 18 0. 15 0. 17 0. 17 0. 12 

T o t a l 96.94 97.07 98. 19 96.81 98.56 97.26 97.98 98.35 96.68 97.73 98.30 97.57 97.88 97.54 

NUMBERS OF IONS ON THE BASIS OF 6 OXYGENS 

S i 1.90 1.88 1.86 1.86 1.88 1.90 1.83 1.85 1.86 1.87 " 1.89 ' 1.82 1.87 1.89 A l i v 0. 10 0. 12 0. 14 0. 14 0. 12 0. 10 0. 17 0. 15 0. 14 0. 13 0.11 0. 18 0. 13 0.11 

A l v i 0.06 0.07 0.08 0.09 0.05 0.07 0.08 0.06 0.07 0.07 0.05 0.09 0.06 0.08 
T i 0.03 0.07 0.08 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.05 0.04 0.04 Fe2+ 0.23 0. 24 0. 28 0.25 0. 26 0.26 0. 26 0. 26 0. 26 0. 25 0. 26 0.27 0. 27 0.24 
Mg 0.77 0.76 0.69 0.73 0.74 0.74 0.73 0.73 0.72 0.73 0.74 0.69 0.72 0.74 
Mn 0.01 0.01 0.01 0.00 0.01 0.0 1 0.01 0.01 0.01 0.0 1 0.01 0.0 1 0.0 1 0.0 1 Ca 0.89 0.88 0.87 0.89 0.86 0.87 0.88 0.68 0.89 0.88 0.87 0.88 0.89 0.89 
Na 0.00 0.00 0.04 0.00 0.04 0.00 0.00 0.00 0.00 0.04 0.04 0.00 0.00 . 0.00 

a torn. % 
Mg: 40. 7 40. 5 37.6 39.0 39.7 39.7 38.9 38.9 38.6 39. 2 39.6 37.5 38.4 39.9 
Ca: 47.0 47.0 47.3 47.9 46.2 46.3 47. 1 47.3 47.4 47. 2 46.5 47.8 47.2 47.4 
Fe 12.3 12.5 15.5 13. 1 14. 1 14.0 14 . 0 13.8 14.0 13.6 13.9 14.7 14.4 12.7 

Samples: ES24 = 1 & 2 ( a l l i r o n c a l c u l a t e d as FeO) 

- J 

ES90 = 
ES92 = 



TABLE 3.3 continued 
Probe analyses of pyroxene phenocrysts 

1981 Lavas 

weight % Core - Rim Core - Rim - Rim Core - Rim - Rim Core - Rim Core - Rim Core - Rim 

Si02 49. 35 47. 59 46. 71 49. 64 46. 73 49. 52 47. 02 47. 05 48. 53 49. 59 47. 89 46. 93 48. 42 48. 46 
A1203 3. 06 5. 65 5. 65 3. 49 6. 74 3. 82 6. 30 6. 32 4. 93 4. 24 5. 3 1 6. 46 5. 30 4. 90 
Ti02 1. 26 1. 67 1. 96 1. 27 1. 93 1. 25 2. 08 1. 80 1 . 62 1. 32 1. 79 2. 39 1. 58 1. 56 
FeO 8. 26 7. 85 8, 64 8. 25 8. 22 8. 42 8. 45 8. 20 7. 90 7. 44 8. 53 8. 85 8. 56 8. 36 
MgO 13. 42 12. 79 12. 15 13. 56 12. 22 13. 39 12. 09 12. 44 13. 03 13. 70 12. 46 11. 91 12. 88 12. 95 
CaO 22. 06 22. 68 22. 04 22. 08 22. 53 22. 25 22. 42 22. 62 22. 13 22. 01 22. 02 22. 21 22. 19 22. 32 
Na20 nd nd 0. 55 nd nd 0. 48 0. 44 nd nd nd nd 0. 47 nd nd 
MnO nd nd nd 0. 15 nd 0. 21 nd 0. 21 0. 13 nd 0. 16 0. 14 0. 15 0. 14 

T o t a l 97. 41 98. 23 97. 70 98. 44 98. 37 99. 34 98. 80 98. 64 98. 27 98. 30 98. 16 99. 36 99. 08 98. 69 

NUMBERS OF IONS ON THE BASIS OF 6 OXYGENS 

S i 1. 89 1. 81 1. 80 1. 88 1. 78 1. 87 1. 79 1. 79 1. 84 1. 87 1. 83 1. 79 1. 83 1. 84 
A i i v 0. 11 0. 19 0. 20 0. 12 0. 22 0. 13. 0. 21 0. 21 0. 16 0. 13 0. 17 0. 21 0. 17 0. 16 

A l v i 0. 03 0. 06 0. 06 0. 04 0. 08 0. 04 0. 07 0. 07 0. 06 0. 06 0. 07 0. 08 0. 07 0. 06 
T i 0. 04 0. 05 0. 06 0. 04 0. 06 0. 04 0. 06 0. 05 0. 05 0. 04 0. 05 0. 07 0. 05 0. 05 
Fe2+ 0. 27 0. 25 0. 28 0. 26 0. 26 0. 27 0. 27 0. 26 0. 25 0. 24 0. 27 0. 28 0. 27 0. 27 
Mg 0. 78 0. 73 0. 70 0. 77 0. 69 0. 75 0. 68 0. 71 0. 74 0. 77 0. 71 0. 67 0. 73 0. 73 
Mn 0. 00 0. 00 0. 00 0. 01 0. 00 0. 01 0. 00 0. 01 0. 01 0. 00 0. 01 0. 01 0. 01 0. 00 
Ca 0. 91 0. 92 0. 91 0. 87 0. 92 0. 90 0. 91 0. 92 0. 90 0. 89 0. 90 0. 90 0. 90 0. 91 
Na 0. 00 0. 00 0. 04 0. 00 0. 00 0. 04 0. 03 0. 00 0. 00 0. 00 0. 00 0. 04 0. 00 0. 00 

atom.% 
Mg: 39 .6 38 . 2 37 .0 39 .8 37 .0 39 .3 36 .7 37 .4 39 .0 40 .6 37 .7 36 .3 38 .3 38 .5 
Ca: 46 .8 48 .7 48 .3 46 .6 49 .0 46 .9 48 .9 48 .8 47 .7 47 .0 47 .9 48 .6 47 .4 47 .6 
Fe 13 .6 13 . 1 14 .7 13 .6 14 .0 13 .8 14 .4 13 .8 13 .3 12 .4 14 .4 15 . 1 14 .3 13 .9 

CO 

Samples: 81/6 = 1-4; 81/9b = 5 & 6 
nd - not detected 
( a l l i r o n c a l c u l a t e d as FeO) 



TABLE 3.3 continued 
Probe analyses of pyroxene phenocrysts 

1983 Lavas 

— J 

weight % Core - Rim Core - Rim - Rim Core - Rim Core - Rim 

Si02 49,49 49.77 48.73 50.21 48.82 46.66 47.78 47.29 48.00 
A1203 3.98 3.64 4.72 3.58 4.87 5.64 5.23 6.32 4.82 
Ti02 1. 10 1.42 1.37 1.28 1.51 2.02 1.52 1.36 1.42 
FeO 8.31 8.46 8.38 8.20 8. 17 8.74 8.21 7.04 8.12 
MgO 12.80 13.38 13.41 13.55 13.07 11.27 12.78 13.02 13. 13 
CaO 22.40 21.89 22.48 22. 26 22. 19 21.87 22. 14 22.87 22.37 
Na20 nd 0.44 nd nd 0.50 nd 0.54 0.43 0.58 
MnO 0. 14 0. 20 0. 17 0. 17 0. 15 0. 16 0. 17 nd 0. 13 

T o t a l 98.22 99.20 99.26 99.25 99.28 96.36 98.37 98.33 98.57 

NUMBERS ; OF IONS ON THE BASIS OF 6 OXYGENS 

S i 1.88 1.87 1.84 1.89 1.84 1.82 1.82 1.79 1.83 
A l i v 0. 12 0. 13 0. 16 0. 11 0. 16 0. 18 0. 18 0.21 -0. 17 

A l v i 0.06 0.03 0.05 0.05 0.06 0.08 0.06 0.07 0.05 
T i 0.03 0.04 0.04 0.04 0.04 0.06 0.04 0.04 0.04 
Fe2+ 0. 26 0.27 0. 26 0. 26 0. 26 0. 29 0. 26 0.22 0. 26 
Mg 0.73 0.75 0.75 0.76 0.73 0.66 0.73 0.74 0.76 
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
Ca 0.91 0.88 0.91 0.90 0.90 0.91 0.90 0.93 0.91 
Na 0.00 0.03 0.00 0.00 0.04 0.00 0.04 0.03 0.04 

a torn. % 
Mg: 38. 1 39.5 39. 1 39.7 38.9 35.3 38.4 39.0 38.9 
Ca: 48.0 46.5 47.2 46.9 47.5 49.3 47.8 49.2 47.6 
Fe 13.9 14.0 13.7 13.4 13.6 15.4 13.8 11.8 13.5 

Samples: DK16 = 1 & 2; DK24 = 3 & 4 
nd - not detected 
( a l l i r o n c a l c u l a t e d as FeO) 



TABLE 3.4 
Probe Analyses of O l i v i n e Phenocrysts 

1910, 1981 and 1983 Lavas 

weight % Core - Rim Core Core - Rim Core - Rim Core Core - Rim Core - Rim Core 

Si02 38.77 38.30 39.02 38.60 39.28 38. 19 38.45 38.89 38.84 38.42 39.09 38.85 38.58 
FeO 21.84 21.67 21.33 21.98 21.44 24.79 25.07 24.97 19.57 19. 11 19.68 20.75 21.58 
MgO 39.00 38.32 38.63 38.85 39. 10 36.28 35.26 36.57 40.28 40.04 40. 15 39.28 38.90 
CaO 0.38 0.3 1 0.29 0.36 0.43 0.34 0.39 0.43 0.27 0. 26 0.24 0.33 0.39 
MnO 0.40 0.29 0.39 0.33 0.31 0.51 0.46 0.42 0.33 0.35 0.30 0.29 0.34 

t o t a l 100.39 98.89 99.66 100. 12 100.56 100. 11 99.63 10 1.28 99.29 98. 18 99.46 99.50 99.79 

NUMBERS OF IONS ON THE BASIS OF 4 OXYGENS 

S i 1.00 1.01 1.01 1.00 1.01 1.00 1.02 1.01 1.00 1.00 1.01 1.01 1.00 
Fe2+ 0.47 0.48 0.46 0.48 0.46 0.54 0.56 0.54 0.42 0.42 0.42 0.45 0.47 
Mg 1.50 1.50 1.49 1.50 1.50 1.42 1.39 1.42 1.55 1.56 1.54 1.52 1.50 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0 1 0.01 0.01 0.01 
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Fo* 76. 1 75.8 76.4 75.8 76.5 72.5 71.3 72.4 78.7 78.8 78.6 77. 2 76. 1 
Fa* 23.9 24. 2 23.6 24. 2 23.5 27.5 28.7 27.6 21.3 21.2 21.4 22.8 23.9 

Fe/Mg 0.3 1 0.32 0.31 0.32 0.31 0.38 0.40 0.38 0. 27 0. 27 0.27 0.30 0.31 

1910 l a v a s = 6, 7, & 8 (ES92) 
1981 l a v a s = 1 & 2 (81/6); 3 (81/9b) 
1983 l a v a s = 4 & 5 (DK16) 

* atomic r a t i o s Mg & Fe 
A l l i r o n c a l c u l a t e d as FeO 



TABLE 3.5 
Probe an a l y s e s of titanomagnetite microphenocrysts 

1910 & 1981 Lavas 

CO 

ES 90 ES 92 81/6 81/6 81/6 81/6 81/6 81/9b 81/9b 81/9b 81/9b 81/9b 
weight % mph i n c l mph mph mph i n c l i n c l mph mph mph i n c l i n c l 

S i 0 2 , 0.75 0.61 0.41 0.45 0.47 0.46 0.37 0.40 1.49 1.28 0.33 0.40 
A1203 5.90 5.44 4.75 6.36 5.22 6.58 5.83 4.61 5.23 5.40 6.26 6.41 
Ti02 13.08 13.80 15. 22 10.70 14.89 10.70 13.27 16.33 15.24 14.74 11.41 11.00 
Cr203 0. 19 0. 19 0.22 0.26 0. 12 0. 19 0.22 0. 12 - 0. 13 0.21 0.11 
Fe203 35. 20 34.99 33.07 41.05 34.03 41.47 . 37.91 31.85 31.85 33.76 40.46 41.42 
FeO 37.75 37.71 38.70 34.05 38. 16 38.88 36.52 39.80 40.49 40. 20 35. 18 33.90 
MgO 4.00 4. IB 4. 16 4.94 4.48 5.31 4.84 4.30 4. 19 4.29 4.76 5.50 
CaO 0. 10 0. 16 0.12 0.03 0. 18 0. 13 0. 16 0.11 0.48 0.40 0.05 0.02 
MnO 0.31 0.40 0.54 0.46 0.60 0.31 0,59 0.46 0.44 0.35 0.36 0.42 
CoO 0.90 0.82 — — — — — — 0.54 0.65 — — 

t o t a l 98. 18 98.30 97. 19 98.30 98. 15 104.03 99.71 97.98 99.95 101.2 99.02 99. 18 

Usp 44.4 45.5 48.9 35.4 47.7 35.3 42. 1 51.5 52. 1 49.4 37. 1 35.9 

mol. % 
FeO 57.8 57.2 57.5 54.8 57. 1 57.9 55.8 57.9 59. 1 58.5 55.3 54.3 
Fe203 24.2 23.9 22. 1 29.7 22.9 27.8 26.0 20.8 20.9 22. 1 28.6 29.8 
Ti02 18.0 18.9 20.4 15.5 20.0 14.3 18. 2 21.3 20.0 19.4 16. 1 15.9 

mph = microphenocryst 
i n c l = i n c l u s i o n w i t h i n pyroxene or o l i v i n e 
19 10 l a v a s - samples ES90 & ES92 
1981 l a v a s - samples 81/6 S 81/9b 
(FeO & Fe203 c a l c u l a t e d using the method of Carmichael (1967)) 



TABLE 3.5 continued 
Probe a n a l y s e s of titanomagnetite microphenocrysts 

1983 Lavas 

CO 
to 

DK 8 DK 8 DK 8 DK 8 DK 16 DK 16 DK 16 DK 16 DK 16 DK 16 
weight % mph mph i n c l i n c l mph mph i n c l i n c l i n c l i n c l 

S i 02 0. 59 1. 27 0. 44 0. 32 0. 37 1. 09 1. 23 0. 24 0. 37 0. 41 
1203 4. 55 4. 16 5. 84 5. 86 5. 92 6. 60 6. 31 5. 52 5. 96 5. 99 

T i 0 2 16. 85 15. 06 14. 59 13. 13 13. 07 . 12. 87 12. 19 12. 87 13. 03 12. 41 
Cr203 0. 14 0. 09 0. 19 0. 28 0. 21 0. 14 0. 19 0. 18 0. 27 0. 23 
Fe203 31. 21 32. 54 34. 93 37. 01 37. 22 38. 76 39. 93 37. 91 38. 02 37. 75 
FeO 41. 63 40. 42 37. 01 36. 09 35. 93 36. 99 37. 58 35. 84 36. 13 35. 51 
MgO 3. 71 3. 43 5. 43 4. 64 5. 00 5. 79 5. 16 4. 62 4. 98 4. 74 
CaO 0. 13 0. 24 0. 01 0. 27 0. 08 0. 16 0. 17 0. 15 0. 07 0. 30 
MnO 0. 73 0. 86 0. 47 0. 50 0. 53 0. 37 0. 37 0. 4 1 0. 61 0. 34 
CoO — ~ — ~ — 0. 72 0. 42 — 

t o t a l 99. 54 98. 07 98. 91 98. 10 98. 33 103 .49 103 .55 97. 74 99. 44 97. 68 

Usp 53 . 1 50 .6 46 .5 42 . 1 42 . 2 42 .4 40 .9 41 .0 41 .5 40 .7 

mol. % 
FeO 58 .8 59 .0 56 . 2 55 .9 55 .7 56 .0 56 .5 55 .6 55 .7 55 .8 
Fe203 19 .8 21 .3 23 .9 25 .8 26 .0 26 .5 27 .0 26 .4 26 .3 26 .7 
Ti02 21 .4 19 .7 19 .9 18 .3 18 .3 17 .5 16 .5 18 .0 18 .0 17 .5 

mph = microphenocryst 
i n c l = i n c l u s i o n w i t h i n pyroxene or o l i v i n e 
(FeO & Fe203 c a l c u l a t e d using the method of Carmichael, 1967) 
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Figure 3.2 
Geochemical c l a s s i f i c a t i o n o f the 1910-1983 lavas on the scheme o f 
Le lias e t . a l . (1900). 
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Figure 3.3 
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Chondrite"- n o n i a l i s e d REE p a t t e r n f o r h i s t o r i c Etnean lavas 
( C r i s t o f o i i n i et.. a l . , 1987). 
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T i - Zr - Y p l o t of Pearce and Cam (1973) for Lhti tectonic settincj o f 
basalts; tlie shaded area represents analyses f o r tlie 1910 - 1983 Etna 
lavas. 



Figure 3.6 

Magma mixing t e x t u r e s i n the 1981 lavas (san^>ie 81/5) shc^v-xng a 
d i s t i n c t l y bulbous contact c u t by v e s i c l e s bet.veen c o n t r a s t i n g 
l i g h t - and dark-coloured groundmass corrponents. 
F i e l d o f view = 3.3nin 

Figure 3.7 

' S t r i n g e r s ' o f p a r t l y honogeneised dark groundmass cotpDnent i n 
the l i g h t e r - c o l o u r e d groundmass. The boundaries are d i f f u s e and 
fel d s p a r l a t i i s are a l i g n e d p a r a l l e l t o i t . 
F i e l d o f view = 3.3rTin 
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C c r p o s i t i o n s o f clinopyroxenes ( c i r c l e s ) on the Di-Hd-En-Fs 
q u a d r i l a t e r a l , and o l i v i n e s ( t r i a i i g l e s ) on t l i e Fo-Fa s o l i d s o l u t i o n 
s e r i e s f o r the 1910, 1981, and 1983 lavas. A l l analyses are 
p l o t t e d as atomic percentages o f the end-iT¥;aiilx;rs. 
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Figure 3.9 
1 

Glinopyroxene phe.'-.ccryst i n 1923 lava (sairple ES304) d i s p l a y i n g 
e x c e l l e n t s e c t o r and o s c i i l a c o r y zoning. 
F i e l d o f vle^•/ = 3.3nTn 

Figure 3.11 

GlciTteroporphyritic aggregate o f o l i v i n e ( p a l e ) , pyroxene (cleaved) 
and opaque t i t a n a r a g n e t i t e . 
F i e l d o f view = 3.3mn 
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Figure 3.13 
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600 800 1000 
Temperature °C 

Oxygen ftigacity e s t i r a t e for analysed titancmagnetites on the Log 
f02 vs T C pl o t of Buddington and Lindsley (1964). Tanperature 
estinates are taken from C r i s t o f o i i n i e t. a l . (1987). 
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Figure 3.14 

, • 0 rnXfp ^ I 1983 lavas 

I • — • O O C9 , 1981 lavas 

, I I , 1 9 1 0 lavas 
60 50 40 30 

2FeO.Ti02 ^^^^ Ulvospinel FeO.Fe203 
ulvosptnel magnetite 

O inclusion 
• microphenocryst 

TitanoTBgnetite analyses frcm tiie 1910, 1981, and 1983 lav a s 
represented on the u l v o s p i n e l (Usp) - magnetite s o l i d s o l u t i o n 
s e r i e s d i s t i n g u i s h i n g groundinass microphenocrysts f r a n i n c l u s i o n s . 
Analyses are expressed as a percentage of the u l v o s p i n e l molecule. 
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Figure 3.15 

Type i p i a g i c c i a s e phenocryst frcm 1910 lava ( s a r p i e ES24) shaving 
ccnplex zoning p a t t e r n s . 
F i e l d o f vie-v = 3.inm 

Figure 3.16 

D e t a i l e d mcrphological c h a r a c t e r i s t i c s o f a type 1 p l a g i o c i a s e 
phenocryst shoving a l t e r n a t i n g s k e l e t a l zones r i c h i n glass 
i n c l u s i o n s , and c l e a r o s c i l l a t o r y - ^ o n e d regions. L'ote the srnail, 
i r r e g u l a r patchy core. (1910 lava, sanple ES24) 
F i e l d o f view = 1.29nm 
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Figure 3.17 

/ Ccnpiexeiy-zoned mantle r e g i o n o f a type i p i a g i o c l a s e phenocryst; 
the i n n e r n o n t l e shews wa.vey, o s c i l l a t o r / zones bending around 
glass i n c l u s i o n s and o u c i i n i n g an i r r e g u i a r - s i i a p e d s k e i e r a i cr-ysral. 
The 'vave^/ o s c i l l a t o r y zones e v e n t u a l l y beccme planar. The ou-csr 
s k e l e t a l rrenrle i s very r i c h i n glass i n c l u s i o n s - (1963 lava, sainple 
DK9). F i e l d o f view = 1.29nTn FiQUfB 3 18 

Type 1 p l a g i o c i a s e c r y s t a l m plaice p o l a r i s e d l i g h t derronstrating 
c o n c e n t r i c , s k e l e t a l , g l a s s - r i c h zones. (1910 lava, sanpie ES92) 
F i e l d o f view = 3.ion 
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ngure 3.19 

D e t a i l o f a type 1 p l a g i o c l a s e mantle region showing a l t e r n a t i n g 
s k e l e t a l and o s c i l l a t o r y zoning. (1910 lava, sanple ES102) 
F i e l d o f view = 1.29mn 

Figure 3.20 

Rounded, resorbed p l a g i o c l a s e phenocryst i n 1983 lava (sample DK2) 
F i e l d o f view = i.C^nm 
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Diagranrotic representation of tlie rnorpliological c i i a r a c t e r i s t i c s of 
type 1 aiki t y i x i 2 plagiolcase plienocrysts. 
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Figure 3.22 

Type 2 piagiociase f^enocrysts i n ISliJ iava. (sanpie ESy2 
F i e l d o f view = 3.3mn 

Type 2 p i a g i o c i a s e p h e r i o c r y s t s i n a c o a r s e , t r a c h y t i c g r oundmass 
(1911 l a v a , sanTDle ES396) 
F i e l d o f v i e w = 3.3rTm 
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Figure 3.24 
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Plagioclase phase diagram at 5Kb water pressure shewing the 
relationship beUveen piagiolcase c r y s t a l morphology and supercooling 
( c r y s t a l l i s a t i o n tenperature - liquidus tenperature); frcxn Lofgren 
(1974). The boundaries betov^een morphologies (dashed l i n e s ) are 
gradationai. 
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CHAPTER 4 

S P A T I A L CCMPOSITI<mL VARIATIONS AND E^ELATED MAGVIATIC PROCESSES 
WnmN TOE E ™ E A N IAVAS, 1910 - 1983 

4.1 Introduction 

The general petrological c h a r a c t e r i s t i c s of the recent Etna hawaiites 

have been established i n chapter 3 and i t i s the purpose of t h i s 

chapter to examine the individual flow f i e l d s i n turn to define 

chonical and petrographic s p a t i a l variations within the lavas and the 

nagmatic processes responsible. 

The following approach i s adopted for the description and 

interpretation of the geochemical, petrographic, and volcanological 

data for each of the 1910-1983 lava f i e l d s i n turn: 

1. The Eruption 

General description and account of ttie eruption fron h i s t o r i c a l or 

modem l i t e r a t u r e including a map of the lava flows and sanpling 

l o c a l i t i e s . The volcanological c h a r a c t e r i s t i c s of each eruptive event 

are presented c o l l e c t i v e l y i n table 1.1 of chapter 1. 

2. Whole-Rock Chemistry 

Major and trace element data are preseiited and i n i t i a l l y plotted on M9O 

variation diagrams to study possible chemical variation i n the saiiple 

s u i t e . 
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3. Petrography 

Quantitative determination of modal phenocryst abundances i s used to 

identify phases which may have fractionated. Ihe modal phenocryst data 

are related to lava chemistry by plotting than against the 

fractionation index and trace elements which are conpatible with 

phenocryst phases i n order to correlate chemical and petrographic 

variations, i f present. 

4. Trace Elesnent Nlodelling 

Trace elements behave with far greater s e l e c t i v i t y than the major 

elements i n t h e i r incorporation into the c r y s t a l l i z i n g phases. The 

incompatible elements, for exanple, K, Rb, Ba, Zr, Nb and Nd, are 

p a r t i c u l a r l y useful since t h e i r partitioning into mineral phases i s 

severely r e s t r i c t e d during c r y s t a l l i z a t i o n processes (partition 

c o e f f i c i e n t s are given in table 4.1.1). Variations i n these elements 

may, therefore, help to identify other possible processes masked by 

c r y s t a l l i z a t i o n and fractionation. 

In order to study variation in incompatible trace element abundances 

produced by processes other than fractionation, the effects of 

fractionation must be isolated. This i s achieved by studying tlie 

r a t i o s of incorpatibie elements which w i l l not s i g n i f i c a n t l y a l t e r 

during fractionation. The individual concentrations of tlie 

inccnpatible elements w i l l increase but w i l l not be s i g n i f i c a n t l y 

partitioned from one another during small amounts of fractionation. 

Incaipatible element r a t i o s are, therefore, plotted against one 

another. Variations present on such plots must r e f l e c t processes which 

can a l t e r the element ratios such as mixing between magmas with 
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different inoon^aatible element r a t i o s , c r u s t a l contamination, or 

v o l a t i l e transfer e f f e c t s . 

5. Si:5)erinposed Magnatic Processes 

The relationships between magmatic processes causing s p a t i a l 

cort^Dositional variation i n the flow f i e l d s are modelled using 

trace-element v a r i a t i c n diagrams. 

6. Correlation Between Lava Coiposition and Volcanology 

I t i s the aim of t h i s section to report correlations, within i d i v i d u a l 

flow f i e l d s , between the ccmposition of lavas and t h e i r r e l a t i v e ages 

and al t i t u d e s of eruption. This i s only carried out when there i s 

s u f f i c i e n t volcanological information to determine the r e l a t i v e 

ages/altitudes of sane, or a l l , sanples i n the flew f i e l d . The 

recognition of such relationships provides clues as to the nature of 

shallow-level magmatic processes within the plumbing system which are 

responj.ble for the ocsrpositional variation i n the lavas. Ihe nature of 

these processes, as defined using the evidence above, i s addressed 

f u l l y i n chapter 6. 
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Table 4.1.1 

Trace element p a r t i t i o n c o e f f i c i e n t s for o l i v i n e , p l a g i o c l a s e 
clinopyroxene and magnetite in b a s a l t s 

c l i n o -
o l i v i n e p l a g i o c l a s e pyroxene magnetite 

T i 0.02 0.04 0.30 7.50 
Zr 0.01 0.01 0. 10 0. 10 
Y 0.01 0.03 0,50 0. 20 
Nb 0.01 0.01 0. 10 0.40 
K 0.001 0. 20 0.002 0.01 
Rb 0.001 0.07 0.001 0.01 
Sr 0.001 1.7-3.0 0.07 0.01 
Ba 0.05 0.40 0.001 0.01 
Ni 14.50 0.01 2.00 5.00 
Or 1.00 0.01 10.00 10.00 
Cu 0.11 0. 17 0. 18 0.42 
Zn 0.86 0.11 0.50 2.60 
Co 3.00 0. 10 1.32 3.40 
La 0.001 0. 27 0.08 0.02 
Ce 0.001 0. 14 0.34 0.02 
Nd 0.009 0.08 0. 17 0.03 
Sm 0.009 0.08 0.90 0.02 

Data compiled from: 

Pearce and Worry, 1979 
Z e i l i n s k i , 1975 
B a s a l t i c Volcanism Study P r o j e c t , 
Cox e t . a l . , 1979 
P a s t e r e t . a l . , 1974 

198 1 
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4.2 The 1910 Lavas 

4.2.1 The Eruption 

The 1910 erv^Jtion oomTienced on'Mardi 23rd and continued for 26 days 

u n t i l A p r i l 18th. The fi s s u r e system opened on the southern flank 

between 3000m and 1950m a . s . l . , eruptive vents developing at 275Gm 

a . s . l . and extending for 2km i n a NNE-SSW trend with 15 eruptive 

boccas. Lava travelled i n a soutlierly direction down the volcano's 

flank and reached more than 5km i n length i n the f i r s t 10 hours of the 

eruption (Rcmano and Stu r i a l e , 1982). A map of the lava flews produced 

by t h i s eruption are shown in figure 4.2.1 which are new largely 

covered by the 1983 lava f i e l d . 

H i s t o r i c a l observations of the eruption are contained in an account by 

De Fiore (1911). The very f l u i d and voluminous nature of the lava i s 

p a r t i c u l a r l y evident: "...the flow i n t h i s place (near Monte Vetori) 

produced an iirpressive f a l l which was afterwards named "Niagara"...". 

Several other lava rapids are noted between the eruptive vents and 

Monte Faggi (figure 4.2-1 for locations) r e f l e c t i n g the very f l u i d 

nature of the lava. De Fiore (1911) estimated the velocity of tlie flow 

at the effusive vent to be 250-30an per minute. Several references are 

made in t h i s account to the presence of lava tubes and there i s a 

description of a large lava lake f i l l i n g a ravine at Monte S. Leo. 

Clearly, any estimation of the flow volume from surface area and 

average thickness would be misleading. " Rcnano and Stu r i a l e ' s (1982) 

estimate of the volume as 44xl0"6m"3 i s therefore l i k e l y to be an 

under-estimate. 

105 



According to De Fiore's account, the flow f i e l d had reached i t s 

southemnost extent, on the p l a i n C istema d e l l a Regina {gr 998628), 

700m a . s . l . seme 10km from the erv^Jtive vents on March 31st. However, 

flows were s t i l l active frcm l a t e r a l branches at higher altitudes and 

reached Bruno (998643) try A p r i l 10th and advanced along small branches 

very slcwly ("'6m/hour). The eruption ended on A p r i l 18th, 1910. 

4.2.2 Whole-Etock Chesnistry 

Sanpling l o c a l i t i e s are shown in figure 4.2.1 and b r i e f descriptions of 

the sairples and t h e i r grid references are l i s t e d i n table 2.1. 

Major and trace element a n a l y t i c a l data for the 1910 lava samples are 

presented i n table 4.2.1 and graphically represented on MgO variation 

plots i n figure 4.2.2 . Significant intralava corrpositional 

heterogeneity i s imrediately apparent. A l l major oxides appear to vary 

coherently with whole-rock MgO and seme of these exhibit a c l e a r l i n e a r 

correlation, these being A1203, Fe203, CaO, K20 and Ti02. However, 

Si02, Na20 and P205 show a rather more scattered variation. The 

following o v e r a l l correlations with MgO, which varies between 3.3 and 

5.3 weight percent, can be recognised in the major oxide data on figure 

4.2.2: 
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Positive correlations 

MgO vs Fe203 9.9-11.2 wt. % 

CaO 9.7-10.3 wt. % 

Ti02 1.5-1.7 wt. % 

Negative correlations 

N5gO vs Si02 45,5-49.5 wt. % 

A1203 16.5-20.0 wt. % 

Na20 4.2 - 5.0 wt. % 

K20 1.6-1.8 wt. % 

P205 0.54-0.62 wt. % 

Crysta l fractionation dominated by ferromagnesian phases could account 

for t h i s varation; pyroxene and o l i v i n e being r i c h i n MgO, Fe203 and 

CaO but r e l a t i v e l y d e f f i c i e n t i n Si02, A1203 and Na20. Hcwever, 

o l i v i n e , pyroxene and plagioclase phenocryst control l i n e s on the major 

oxide plots i n figure 4.2.2 demonstrate tiiat the variation could 

involve a i l three phases although ferronagnesian control appears to 

dominate cn most plots. 

The trace elements also display oonsiderable vciriation within the 1910 

lava suite (figure 4.2.2) and positive l i n e a r correlations between iMgO 

and Cr (10-30 ppm), Ni (4-20 ppm), Co (32-45ppm) and Zn (88-95ppm). 

These relationships indicate pyroxene and o l i v i n e control into which 

these elements are concentrated. The inconpatible trace elements show 

ov e r a l l negative correlations with MgO but sane indicate a good deal of 

scatter, p a r t i c u l a r l y Nd, Ce and La, which can be attributed to thei r 

large 2o-error l i m i t s . Although much of the scatter on the trace 
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elenent plots l i e s within the precision l i m i t s and i s not s i g n i f i c a n t , 

sane of the scatter i s a n a l y t i c a l l y s i g n i f i c a n t . The broadly l i n e a r 

negative correlations of inoaipatible elements with i s 

fractionation-consistent resulting possibly frcm t h e i r enrichment i n 

the ivore evolved, fractionated lavas. Strontium also shows a negative 

correlation with varying between 1200 and 1450 ppm, and may 

r e f l e c t accumulation of plagioclase (into which Sr i s concentrated) i n 

r'^^>-poor, evolved, magma. The following variations, showing negative 

correlation with are observed for the incoxpatible trace elenents 

within the 1910 lavas on figure 4.2.2: 

Ba 745-817 ppm 

Nb 58-64 ppm 

Zr 259-279 ppm 

Rb 36-39 ppm 

Nd 52-66 ppm 

Ce 114-136 ppn 

La 77-85 ppm 

Cu 116-123 ppn 

4.2.3 Petrography 

Fractionation-consistent whole-rock chemical variation can be related 

to changes i n modal phenocryst proportions (table 4.2.1). Figure 4.2.3 

shows a positive correlation between phenocryst content and whole-rock 

chemistry with a convincing increase i n t o t a l phenocryst abundance with 
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increasing MgO (33-45 volume percent). Each phenocryst phase i n turn 

i s plotted against MgO on figures 4.2.4 and 4.2.5 i n order to identify 

the role that each nay play during fractionation. 

Ciinopyroxene and o l i v i n e shew convincing positive trends on figure 

4.2.4, pyroxene varying i n abundance between 1.3 and 10.4 volume 

percent and o l i v i n e ranging between 0.5 and 2.5 volume percent; 

titanomagnetite shows no s i g n i f i c a n t variation. Similarly, figure 

4.2-6 i s a plot of volume percent pyroxene vs Cr, the varying 

proportions of t l i i s phenocryst phase c l e a r l y being reflected i n whole-

rock chrcmium (which i s concentrated into ciinopyroxene) by a pos i t i v e , 

lineaur correlation. Piagiociase, on the other hand, shows l i t t l e 

v a r i ation with changing (^0 content i n figure 2.4.5. There i s , 

however, a s l i g h t increase i n piagiociase abundance frcsn 26 to 32 

volume percent with decreasing MgO accorpanied by a large increase i n 

Sr (figure 4.2.7) fron 1220 to 1420 ppm. This variation in Sr may i n 

part r e f l e c t a small amount of piagiociase fractionation but could 

r e s u l t from Sr being enriched in the residual liquids during pyroxene 

and o l i v i n e fractionation. Sr thus becomes diluted i n the more basic 

and cumulate magmas by these fractionationing phases. 

Petrographic and geochesnical evidence therefore suggests that 

ccnpositional variation within the 1910 lava f i e l d can be explained i n 

terms of c r y s t a l fractionation involving ciinopyroxene, o l i v i n e , and to 

a l e s s e r extent, piagiociase. Seme variation, i e the s i g n i f i c a n t 

scatter on the inccnpatible element va r i a t i o n diagrams (figure 2.4.2), 

though, cannot be explained by fractionation alone. 
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Microprobe analyses of phenocrysts within 1910 lavas (ES 90 and 92) are 

discussed i n cihapter 3. Plagioclase phenocrystis appear tx) be more 

sodic i n these lavas {An72-84) than the l a t e r lavas of 1981 and 1983 

and pyroxenes are of c a l c i c augite coiposition. Both of these phases 

show l i t t l e within san?>le chemical variation. Olivine cores, on the 

other hand, show variable Fe/Mg r a t i o s (0.27-0.37) which could be 

explained by the fractionation processes described above by the 

s e t t l i n g of o l i v i n e s to a slighlJ.y d i f f e r e n t magma. Alternatively, the 

mixing of negmas could have the same r e s u l t s . 

4.2-4 Trace Elonent Modelling 

In order to assess the role of processes other than c r y s t a l 

fractionatiion as the cause of lava heterogeneity, the effects of 

fractionation can be isolated by using plots of incar^iatible element 

r a t i o s . Langmuir et. a l . (1978) have shewn that i f variation i n a 

suite of sanples i s produced by mixing, these plots w i l l define mixing 

trends which are hyperbolic i n nature. Parental or end-member 

ccffTpositions w i l l l i e at the two extremes of the curve. CcnmDn 

dencminator r a t i o - r a t i o plots w i l l produce mixing trends which have a 

li n e a r form. Likewise, element-element plots portiray mixing between 

twD end-members i n a lin e a r form. However, element-element plots are 

not useful i n shewing the effects of mixing alone because these plots 

w i l l a l s o be affected by c r y s t a l fractionation. 

Figures 4.2.8 to 4.2.12 are vtiole-rock inconpatible element r a t i o plots 

for the 1910 lava samples. The da1:a on these plots exhibit s i g n i f i c a n t 
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variation within the 1910 sanple suite i n terms of these r a t i o s . Both 

ccrmon denoninator r a t i o plots (figures 4.2.8 and 4-2.9) and plots 

using r a t i o s without oonmon denoninators (figures 4.2.10-12) are 

represented, and trends can be observed i n the data which are 

consistent with mixing. 

Figures 4.2.8-11 show the presence of a dcminant mixing trend involving 

the majority of the san5>les; ES 91, 25, 40, 103(?), 92 and 26 which are 

represented by f i l l e d squares. Sairples ES 24, 102 and 94, defined by 

open squares, appear to be separate frcm the mciin trend and could 

constitute a second, minor trend. 

I t i s notevtorthy that caution must be exercised i n t h i s interpretation 

as much of the variation on these plots l i e s within the a n a l y t i c a l 

inprecision l i m i t s . Hcwever, the repeated presence of both trends on 

figures 4.2.8 to 4.2.11, defined by the same sanples i n consistent 

r e l a t i v e positions, shews that they are r e a l . Furthermore, these 

trends cannot be related to the fractionation trend described above. 

Figures 4.2.8 and 4.2.9 are conrnon denoninator r a t i o plots. Figure 

4.2.8, K/FQD VS Zr/Rb, exhibits the double l i n e a r mixing trend but 

within the a n a l y t i c a l precision l i m i t s . The main trend has end-members 

ES 91, which i s r e l a t i v e l y r i c h i n K/Rb (3 93) and Zr/Rb (7.35), and 

ES26 which i s poorer i n K/Rb (3 55) and Zr/Rb ( 7 1 8 ) . . The minor trend 

has a more r e s t r i c t e d K/Rb range of 360-330 corresponding to 

end-members ES94 and 24 respectively. SaiT?>les f a l l i n g on the l i n e a r 

trends between the end-members are hybrids shaving that d i f f e r i n g 

proportions of end-members are involved i n mixing to produce one well 
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defined trend and a possible second mixing trend with associated 

hybrids. The relationship between the two trends i s unclear and the 

form of the minor trend i s i l l - d e f i n e d as i t i s only represented by 

three saitples. 

Cn the plot Nd/Rb vs Zr/Rb (figure 4.2.9), the main trend i s well 

defined but the minor one i s more scattered but s t i l l d i s t i n c t fran the 

former. This oould be caused by the high error l i m i t s associated with 

the Nd/Rb r a t i o . 

Figure 4.2.10, Nb/Rb vs K/Zr, i s an incorqpatible element r a t i o plot 

without ccnmon denominators, mixing trends on such a plot should liave a 

hyperbolic form. A convincing curved trend i s exhibited by san^Jles 

fron the main mixing trend with a variation i n K/Zr of 49-5-53.5, and 

I^/Rb, 15.5-16.8. Ihe three samples defining the minor trend show a 

more r e s t r i c t e d variation, subparallel to the main trend. Figiire 

4.2.11 i s a similar plot using the ra t i o s K/Nb and K/Zr showing a 

similar variation to figure 4.2.10 with the presence of a well-defined 

curved mixing trend. Figure 4.5.12, whilst showing s i g n i f i c a n t 

v ariation i n Nd/K (3.9-4.8), there i s i n s i g n i f i c a n t variation i n the 

Zr/Ba r a t i o . In addition, i t i s not possible to distinguish the tvro 

trends on t h i s plot shewing that t h e i r Zr/Ba rat i o s are si m i l a r . 

Although the evidence for the establishment of two mixing lineages 

within these lavas i s poor, the incompatible element ratios c e r t a i n l y 

show the existence of at le a s t one main mixing-consistent trend. 

I t i s necessary to est a b l i s h whether t h i s mixing-consistent variation 
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i s the r e s u l t of mixing between magnas/nagma + melted s o l i d of 

contrasting inoonrpatuJDle element r a t i o ccnpositions. An alternative 

cause of incorpatible elorent r a t i o variation oould be the process of 

v o l a t i l e tiransfer i n the high-level magmatic system and i n the lava 

flew. I h i s process i s discussed below to determine whether the 

observed variations are the r e s u l t of mixing or whether v o l a t i l e 

transfer i s responsible. 

Seine of the i n c o i ^ a t i b l e elements are highly mobile, for example K, Fb, 

U and Th, and can enter a gaseous or v o l a t i l e phase - at shallow 

depth and be transported i^^vards through the magma. This nay take 

place i n the magna storage area ( p a r t i c u l a r l y i n late-stage 

d i f f e r e n t i a t e s ) or in the flow (Hart and Allegre, 1980). Rittmann 

(1974) also discusses the importance of highly mobile, or 

pneumatophilic, elements i n the gaseous phase. Highly ocmpressed gas 

bubbles deep within the pyrcnagma are charged with these mobile, . 

incon^satible elements and when the bubbles r i s e and expand, they becane 

oversaturated i n these elements and release them into the surrounding 

melt. Ihus, the pneumatophilic elements accumulate i n the highest 

l e v e l s of the magma and a proportion may be lo s t into the atmosphere. 

This process i s p a r t i c u l a r l y active v^en there i s long-lived fumarolic 

a c t i v i t y and a long residence time for the magma at a high l e v e l 

(Rittmann, 1974). 

For the following reasons, v o l a t i l e transfer i s envisaged to have 

l i t t l e s i g n i f i c a n t e f f e c t upon the incciT^^atible trace elements i n these 

lavas: 
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a. The short residence time of the magma i n the high-level plumbing 

systen (chapters 1 and 6) prior to eruption w i l l prevent s i g n i f i c a n t 

v o l a t i l e transfer of the type described by Rittmann (1974) which 

requires a stagnant, stable period to develop. The Etna magmas ascend 

rapidly and there i s l i t t l e evidence for high-level storage at present. 

b. Magma fed into the high-level storage dykes forcibly by propagation 

may be under a high enough pressure during i n j e c t i o n to prevent 

vesiculation. 

c. V o l a t i l e transfer effects are most pronounced i n well-evolved 

magmatic bodies. The lavas studied are not strongly evolved. 

d. V o l a t i l i z a t i o n effects within lava flows have not been detected by 

the work of Downes (1973) who sanpled the active 1971 flow down i t s 

length and from the source vent. 

e. I f the more refractory trace elements such as Zr and Nb show 

similar variation to the mobile ones, i t i s unlikely that v o l a t i l e 

transfer i s causing the variation. 

f. I f more than one variation trend i s present on the inconpatible 

r a t i o plots, i t i s unlikely that v o l a t i l e loss i s tiie cause as th i s 

would create a single variation trend. 

g. C l o c c h i a t t i et a l (1986) do not detect enrichment i n very mobile 

elements such as antinany and uranium i n lavas shewn to be enriched i n 

the mobile a l k a l i elements (K and E?b). 
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Having r u l e d out h i y h - l e v e l v o l a t i l e t r a n s f e r processes, the mixing-

c o n s i s t e n t trends probably r e s u l t f r a n mixing negmas w i t h d i f f e r e n t 

i n c o r p a t i b l e element r a t i o s . SoiH*ce region heterogeneity or c r u s t a l 

contamination processes may be responsible and are discussed i n chapter 

6. 

4.2.5 Superinposed Mixing and F r a c t i o n a t i o n 

V a r i a t i o n i n the 1910 geochemical and petrographic data i s c o n s i s t e n t 

w i t h c r y s t a l f r a c t i o n a t i o n and iragma mixing, line r e l a t i o n s h i p between 

these processes i s now i n v e s t i g a t e d t o provide a model f o r the 

e v o l u t i o n o f the magma t h a t supplied these lavas. 

TWo-element p l o t s i n v o l v i n g t r a c e elements are introduced i n order t o 

show p o s s i b l e e f f e c t s o f superiir^xjsed f r a c t i o n a t i o n and mixing. These 

p l o t s w i l l show v a r i a t i o n s i n t r a c e elements produced by both o f these 

processes. Figure 4.2..13(i) i l l u s t r a t e s the e f f e c t s o f post- and p r e -

mixing f r a c t i o n a t i o n . I f o n l y mixing has occurred, a l i n e a r mixing 

l i n e ccnqparable t o t h a t observed on the i n c o n p a t i b l e r a t i o p l o t s should 

be present. Havever, i f post-mixing f r a c t i o n a t i o n has operated, t h i s 

tends t o o v e r p r i n t the mixing l i n e s t o produce a very scattered trace 

elenent p l o t , by the f r a c t i o n a t i o n o f i n d i v i d u a l h y b r i d ccmpositions. 

Sub- p a r a l l e l f r a c t i o n a t i o n trends, each i n v o l v i n g samples w i t h the 

same i n c o n p a t i b l e element r a t i o s ( i e . they p l o t i n the same p o s i t i o n on 

the incompatible r a t i o p l o t s ) may be c o n s i s t e n t l y recognised on such 

p l o t s as shewn i n f i g u r e 4.2.13(i)A. 
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I f pre-mixing f r a c t i o n a t i o n has occurred, f o r exanple, the mixing o f a 

homogeneous nagma w i t h various ccnpositions i n a f r a c t i o n a t e d magrtB, 

then scattered p l o t s s i m i l a r t o those f o r post-mixing f r a c t i o n a t i o n 

w i l l r e s u l t ( f i g u r e 4.2.13(i)B). However, the e f f e c t s o f pre-mixing 

f r a c t i o n a t i o n w i l l d i f f e r from post-mixing f r a c t i o n a t i o n i n t h a t 

c o n s i s t e n t siib- p a r a l l e l , f r a c t i o n a t i o n trends, as described above, 

w i l l not be present on t w - e l o n e n t p l o t s . Furthermore, very h i g h l y 

evolved magmas would be needed t o produce apparently s t r o n g l y 

f r a c t i o n a t e d h y b r i d s by mixing, as i n d i c a t e d on f i g u r e 4.2.13(i)B, and 

are more l i k e l y t o be the r e s u l t o f f r a c t i o n a t i o n a f t e r mixing due t o 

the absence of h i g h l y evolved lavas on Etna d u r i n g the period s t u d i e d . 

Pre-mixing f r a c t i o n a t i o i can a l s o be recognised by studying the 

r e l a t i o n s M p between mixing and f r a c t i o n a t i o n trends. I f an observed 

mixing t r e n d i s a l s o f r a c t i o n a t i o n - c o n s i s t e n t on n e j o r oxide and t r a c e 

element p l o t s , i t i s p o s s i b l e t h a t an end-member was f r a c t i o n a t e d 

before mixing as shown on f i g u r e 4.2.13(i)C. 

I n a d d i t i o n , lavas i n v ^ i c h post-mixing f r a c t i o n a t i o n i s w e l l -

e s tablished, using the methods o u t l i n e d above, p l o t s ccnibining a 

coT^^atible r a t i o such as K/Cr and an incon^>atible r a t i o such as K/Rb 

are used. V a r i a t i o n s i n the i n c c n p a t i b l e and c c n p a t i b l e r a t i o s 

i n d i c a t e mixing and v a r i a t i o n s i n the oan:patible r a t i o d a i o n s t r a t e s the 

e f f e c t o f f r a c t i o n a t i o n . Thus the e f f e c t s o f both mixing and 

f r a c t i o n a t i o n can be demonstrated. 

1910 lava sanples which share the same i n c a r p a t i b l e element r a t i o s 

( p l o t t i n g together on the r a t i o p l o t s i n f i g u r e s 4.2.8-4.2.11 w i t h i n 

the p r e c i s i o n l i m i t s ) are 24+102, 25+40 and 92+103, frcm both mixing 

trends. The members o f these p a i r s are w i d e l y separated on the 
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two-element v a r i a t i o n p l o t s i n f i g u r e 4-2.13. Arrows l i n k i n g the 

sanples o f each o f the p a i r s produce a se r i e s o f s n a i l s u b - p a r a l l e l 

f r a c t i o n a t i o n - c o n s i s t e n t trends, the most pronounced tren d being 

102-24. These small trends are each the r e s u l t o f probable 

f r a c t i o n a t i o n a f t e r mixing o f d i f f e r e n t rmgma ccrrpositions i n a 

heterogenous magma body. F r a c t i o n a t i o n was i n d e n t i f i e d as a p o s s i b l e 

process responsible f o r much o f the c o n p o s i t i o n a l heterogeneity w i t h i n 

the 1910 lava f i e l d i n an e a r l i e r p a r t o f t h i s discussion. The above 

tr a c e element data new re q u i r e s t h a t t h i s f r a c t i o n a t i o n i s sigjerimpcsed 

upon a heterogeneous, mixed negna. 

To i l l u s t r a t e the concept o u t l i n e d above, a ccxrparison can be made 

between the incompatible r a t i o p l o t Nb/Rb v K/Zr ( f i g u r e 4.2.10) and 

the 2-element v a r i a t i o n p l o t Zr v K ( f i g u r e 4.2.13). Figure 4.2-10 

shows the two lineages and associated h y b r i d s . I f the p a i r s o f hybids 

t h a t p l o t close together on the trends are t r a n s f e r r e d t o the Zr v K 

p l o t ( f i g u r e 4.2-13), s u b - p a r a l l e l f r a c t i o n a t i o n trends onerge. Fran 

t h i s evidence, i t i s argued t h a t the d i f f e r e n t h y b r i d s have undergone 

l a t e r f r a c t i o n a t i o n . 

Figure 4.2.14 incorporates an inccffT?>atible r a t i o (K/Rb) which w i l l not 

be a l t e r e d by f r a c t i o n a t i o n and a c o r ^ a t i b l e r a t i o (K/Cr) which w i l l 

increase du r i n g f r a c t i o n a t i o n . H o r i z o n t a l trends ( v a r i a b l e K/Cr, 

constant K/Rb) i n d i c a t e f r a c t i o n a t i o n processes w h i l s t v e r t i c a l or 

s u b - v e r t i c a l trends ( v a r i a b l e K/Cr and K/Rb) d ^ o n s t r a t e s mixing. I n 

t h i s case, the y a x i s r e f l e c t s v a r i a t i o n s caused by mixing and the x 

a x i s defines f r a c t i o n a t i o n processes. Associated hybrids ES 102+24 

(l i n e a g e 2) f a i l on a pronounced h o r i z o n t a l f r a c t i o n a t i o n trend. The 
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u n f r a c t i o n a t e d h y b r i d oonposition f o r t h i s t r e n d (where the h o r i z o n t a l 

f r a c t i o n a t i c n t r e n d crosses a broad v e r t i c a l mixing txend) does not 

appear t o be present i n the sanple s u i t e . ES 103 (an i n t e r - t r e n d 

h y b r i d ) a l s o f a l l s away frcm the mixing l i n e shewing i t t o be s l i g h t l y 

f r a c t i o n a t e d , Eiid-merriber c c n p o s i t i o n ES91 i s a l s o shown t o be s t r o n g l y 

f r a c t i o n a t e d . 

To f u r t h e r t e s t t h a t f r a c t i o n a t i o n i s o c c u r r i n g i n the s u b - p a r a l l e l 

t r ends, 102-24 and 92-103, i d e n t i f i e d on f i g u r e 4.2.13, ccnputer 

modelling techniques using nass-balance, least-squares mixing equations 

(PEIMIX prograimte) have been employed, using the equation: 

A = bB + yY + xX + zZ 

where 1 mass u n i t o f p a r e n t a l l i q u i d A y i e l d s b mass u n i t s o f daughter 

l i q u i d B + y mass u n i t s o f mineral Y + x mass u n i t s o f mineral X 

+ z mass u n i t s o f mineral Z and b+-y+x+z = 1. 

The oonputed phenocryst abundance changes t h a t are required t o produce 

the daughter magma f r a n the parent magma by f r a c t i o n a t i o n are shewn on 

ta b l e 4.2-2. Also shown are the observed changes i n phenocryst 

abundances along the proposed f r a c t i o n a t i o n trends. There i s strong 

agreement between the cbserved and p r e d i c t e d phenocryst p r o p o r t i o n s 

f u r t h e r supporting the suggestion t h a t these trends are poduced by 

f r a c t i o n a t i o n dcminated by pyroxene. 
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The post-mixing f r a c t i o n a t i o n described above prevents the t e s t i n g o f 

mixing using such c a l c u l a t i o n s . 

I n sumnary, the 1910 lava samples demonstrate t h a t mixing has taken 

place between a t l e a s t two end-member magmas t o produce hybrids. There 

also appears t o be a second mixing tr e n d associated w i t h the main, 

doninant one. On sore i n c o r i p a t i b l e t r a c e element r a t i o p l o t s the two 

trends apparently converge suggesting t h a t there rray be a conrmon 

end-member "parent" t o both trends near t o ES 91. "Parents" ES26 and 

ES94, frcm wain mixing t r e n d and the minor t r e n d r e s p e c t i v e l y , liave 

h i g h Nd/Rb, Nd/K and La/Ito r a t i o s and low K/Zr and K/Rb r a t i o s . These 

appear t o have mixed w i t h a magma con p o s i t i o n approaching t h a t o f ES91, 

thus c r e a t i n g two mixing trends. Furthermore subsequent post-mixing 

f r a c t i o n a t i o n appears t o have a f f e c t e d i n d i v i d u a l h y b r i d c a t p o s i t i o n s . 

Saiiples ES91 (end-member) and ES24 ( h y b r i d ) are the most s t r o n g l y 

f r a c t i o n a t e d . 
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Table 4.2. 1 
XRF WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1910 LAVAS 

major oxides, weight % 

ES 24 ES 25 ES 26 ES 40 ES 91 ES 92 ES 94 ES102 ES103 

Si02 48.95 48.38 46.97 46.78 49.48 48. 12 48. 15 47.48 47.79 
A1203 19.61 17.51 17.31 16.93 19.79 17.56 17.41 18.60 17.70 
Ti02 1.53 1.70 1.66 1.70 1.54 1.72 1.71 1.54 1.67 
Fe203 3. 29 3.43 3.79 3.53 3.23 3.60 3. 26 3.33 3.99 
FeO 5.31 6.70 6.52 6.74 5.58 6.72 7.01 5.57 5.99 
MgO 3.36 4.98 5.08 5. 16 3.60 5. 29 5. 25 3.79 4.76 
CaO 9.75 10. 12 10.01 10.21 9.85 10. 22 10.22 9.83 9.96 
Na20 5.02 4.40 4.53 4.21 4.50 4.47 4.57 4.75 4.60 
K20 1.78 1.68 1.63 1.65 1.80 1.64 1.66 1.71 1.66 
MnO 0. 17 0.20 0. 19 0. 19 0. 17 0. 20 0. 20 0. 17 0. 20 
P205 0.60 0.57 0.58 0.54 0.62 0.57 0.56 0.57 0.58 
H20+ 0.36 0. 27 0.39 0.45 0.37 0.46 0.41 0.36 0.40 
CO 2 0.21 0.20 0. 20 0. 18 0.20 0. 20 0.11 0.29 0. 17 

t o t a l 99.94 100. 14 98.86 98.27 100.73 100.77 100.52 97.99 99.47 

t r a c e elements, ppm 

Sr 1413 1252 1277 1210 1423 123 1 1245 1352 1265 
U 3 0 4 3 1 5 5 2 3 
Rb 39 37 38 36 38 37 38 38 38 
Y 31 32 32 3 1 31 31 31 30 31 
Th 12 12 1 1 10 12 11 10 10 11 
Pb 6 • 8 5 4 7 4 5 7 4 
Ga 25 24 24 22 24 24 22 23 24 
Zn 88 90 94 95 95 95 92 88 91 
Cu 123 123 121 120 123 118 121 122 120 
Cr 10 25 26 26 12 30 26 16 21 
Ni 5 15 17 20 7 20 16 12 16 
Co 32 45 45 41 38 44 43 38 40 
Nd 65 61 65 58 59 63 63 61 66 
Sm 4 10 6 12 7 9 10 12 10 
Ce 130 130 138 122 134 123 122 128 125 
Ba 816 788 789 750 808 783 787 786 780 
La 81 81 85 80 81 77 81 80 81 
Nb 62 60 61 58 64 59 58 60 60 
Zr 278 266 273 262 279 265 268 270 269 

volume % phenocrysts 

plag. 
pyrox. 
o l i v . 
Ti-mag. 
t o t a l v o l . % 
phenos. 

31 
1 
0 
0 

34.4 

30, 
2 
1.8 
0.8 

28.5 
6.8 
2.2 
1.2 

26. 2 
10.4 
2. 1 
1. 1 

30.6 
1.9 
0.5 
0.4 

34.7 38.7 39.8 33.4 

28 
8 
2 
1 

40. 1 

30, 
10 
2 
1 

44.5 

32.5 
4.6 
1.2 
1.3 

27.4 
6.6 
1.7 
1.2 

39.6 36.9 

(FeO, H20+, C02 determined using the methods de s c r i b e d i n chapter 2) 
120 



Table 4.2.2 
Leas t - s q u a r e s mixing equation to t e s t the ev o l u t i o n of ES24 from 

ES102 by c r y s t a l f r a c t i o n a t i o n . 

CALCULATION : ES10 2 = ES24 + FLAG + OLIV + CPX + 

RESULTS 

ES102 ES102 
Estimated Observed 

composition composition R e s i d u a l 

S i 0 2 47.50 47.48 0.0191 
A1203 18.59 18.60 -0.0097 
T i 0 2 1.59 1.54 0.0501 
Fe203* 9.56 9.57 -0.0079 
MgO 3.78 3.79 -0.0145 
CaO 9.80 9.83 -0.03 28 
Ma 20 4.69 4.75 -0.0554 
K20 1.65 1.71 -0.0575 
MnO 0. 17 0. 17 -0.0036 

SUM OF SQUARES OF RESIDUALS 0.0107 

C a l c u l a t e d proportions of phenocrysts to be subracted from ES10 2 to 
c r e a t e ES24 compared to the observed d i f f e r e n c e i n modal phenocryst 
proportions between the two l a v a s i n weight per cent of whole rock: 

PLAGIOCLASE OLIVINE PYROXENE TI-MAGNETITE 

•0.66 
•0.86 

•0.55 
•0.52 

-3.03 
-3.91 

•0.95 
•1.34 

C a l c u l a t e d 
observed 

{phenocryst compositions for the mixing c a l c u l a t i o n taken from 
microprobe an a l y s e s of phenocrysts i n the 1910 l a v a s , chapter 3) 
* t o t a l i r o n as Fe203 
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Table 4.2.2 
Leas t - s q u a r e s mixing equation to t e s t for the e v o l u t i o n of ES103 

from ES92 by c r y s t a l f r a c t i o n a t i o n 

CALCULATION ES92 = ES103 + FLAG + OLIV + CPX + TIMAG 

RESULTS 

ES9 2 ES9 2 
Estimated Observed 
composition composition R e s i d u a l s 

S i 0 2 48. 12 48. 12 0.0004 
A1203 17.56 17.56 -0.00 15 
Ti02 1.72 1.72 0.0007 
Fe203* 11.07 11.07 0.0000 
MgO 5.29 5. 29 -0.0004 
CaO 10.22 10.22 -0.0010 
Na20 4.49 4.47 0.0162 
K20 1.61 1.64 -0.0349 
MnO 0. 20 0. 20 0.0008 

SUM OF SQUARES OF RESIDUALS 0.00 15 

C a l c u l a t e d proportions of phenocrysts to be subracted from ES9 2 to 
c r e a t e ES103 compared to the observed d i f f e r e n c e s i n modal phenocryst 
proportions between the two l a v a s i n weight percent of whole rock: 

PLAGIOCLASE OLIVINE PYROXENE TI-MAGNETITE 

•1.05 
•0.84 

-0.99 
-0.63 

•2.03 
•1 .84 

•0.57 
•0.56 

C a l c u l a t e d 
Observed 

(Phenocryst compositions for the mixing c a l c u l a t i o n taken from microprobe 
a n a l y s e s of phenocrysts i n the 1910 l a v a s , chapter 3 ) . 

* t o t a l i r o n as Fe203 
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eruptive Assure 

Figure 4.2.1 
1910 FLOW FIELD 
southern flank 
(fissure eruption) 

Mt Veton 

4 ' E S sample localities 
Mt Faggi 

Mt S.Leo 

C. Bruno 

Cistema Regtna 

Map o f the 1910 fl o w f i e l d showing saiT?5le l o c a t i o n s . Grid references 
and b r i e f d e s c r i p t i o n s o f sanples are given i n t a b l e 2.1 
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Figure 4.2.2 
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Figure 4 .2.2 
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Figure 4.2.3 
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4.3 The 1911 Lavas 

4.3.1 The Eruption 

In an account of the 1911 eruption, Platania (1912) recorded that l e s s 

than eight rronths after the termination of the 1910 eruption, 

persistent sunmit a c t i v i t y coincided with a s i g n i f i c a n t increase i n the 

height of the magna column at the surniat. Fissures began to open on 

the sunmit region towards tlie end of May, 1911, which extended 

north-eastwards i n l i n e with the 1908 vent. 

Large earth tremors occurred on the morning of September 10 which 

heralded the s t a r t of a major f i s s u r e eruption on the north-eastern 

flank. A c t i v i t y started at 2550m on the north-east trending f i s s u r e 

system with the development of small explosive boccas and the ejection 

of blocks of old lava, scoriae, ash and lava spatter. Towards Monte 

Frumento (2100m) a small lava flew had becane stationary by September 

12. 

The rrain eruption s i t e , hcwever, was further down the fissure trend at 

the foot of Monte Nero. Here, several sub-parallel chains of vents 

developed, the largest westemnost chain consisted of five large cinder 

cones known as the "Cinquantenario". The lowest cone i n the chain 

"...was very long, very steep walled, already 70m high, opening to the 

NE. Out of t h i s came very f l u i d lava, scmetimes huge fountains — " . 

The large lava stream ean^itted from the base of t h i s cone was observed 

to enter subterranean channels near Monte Rosso. The lava had covered 

a large proportion of i t s f i n a l length i n the f i r s t few days of tlie 
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eruption and by Septeitoer 13 had crossed the circumetnea railway, over 

6 km fan the erupticn s i t e . 

A c t i v i t y decreased by Septeinber 16 and was accompanied by an increase 

in sunndt a c t i v i t y which had created a new cone of ash and scoriae. 

Violent sunmit a c t i v i t y continued after the end of the flank eruption 

on September 22 accaipanied by numerous strong earthquakes. This 

sunmit a c t i v i t y may }iave been related to collapse (Chester et. a l . 

1985). 

Ihe 1911 flow f i e l d extended 7.5 km down the NE flank, as shown in 

figure 4.3.1, frcm 2250m to 1650m a . s . l . The t o t a l estiinated volume of 

lava erupted i s 6.3km^ (Rcmano and S t u r i a l e , 1982). 

4.3.2 Whole-Rock Chanistry 

Results of analyses for major and trace element abundances for samples 

collected fron the 1911 lava f i e l d are presented in table 4.3-1 

together with modal phenocryst data. A map of the lava 1911 lava f i e l d 

i n figure 4.3-1 shcMS the locations of the sanples (refer to table 2.1 

for grid references and b r i e f descriptions of sanples). 

The MgO variation plots i n figure 4.3-2 generally show s i g n i f i c a n t 

li n e a r variation i n the data with MgO varying between 3.0 and 5.7 wt. 

%. Hcwever, the Ti02, Na20, K2C, Sr, Zn and Nd plots show a marked 

scattering of the data outside the a n a l y t i c a l precision l i m i t s (table 

2.4). Most of the sanples c l u s t e r around 5.5 wt. % MgO but tvo sanples 
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show a considerable variation frcm the rreiin c l u s t e r , these are ES396 

(3.02 wt. % MgO) and ES151 (4.14 wt. % MgO). The sanple ES396 i s the 

most evolved sanple oollected for t h i s study, with a s i l i c a content of 

52 weight % and plots i n the mugearite f i e l d - Together, a l l sanples 

define a trend which i s fractionation consistent having a marked kink 

or dog-leg at ES151. This may be an inflexion point on the 

fractionation trend or rel a t e to other processes which could cause a 

deviation fran the fractionation trend. Generally, the trends can be 

adequately explained using the phenocryst control l i n e s on the imjor 

oxide plots which predict the dcminance of pyroxene and o l i v i n e as 

fractionating phases. 

Positive correlations are c±>served on figure 4.3.2 when MgO i s plotted 

against CaO (8.1-10.5 wt.%), Fe203 (8.8-11.4 wt.%), Ti02 (1.6-1.7 

wt.%), Cr (4-33 ppn) and Ni (4-23 ppm). These elesnents are 

concentrated i n o l i v i n e , clinopyroxene and titancmagnetite; evidence 

frcm modal phenocryst proportions (table 4.3.2) shows these phenocrysts 

to be s i g n i f i c a n t l y variable. The fractionation of these phases could 

liave resulted i n the observed positive correlations. 

Negative correlations, a l s o fractionation consistent, are ctoserved on 

MgO variation diagrams involving: K20 (1.6-2.3 wt.%); Na20 (3.8-5.0 

wt.%); Ai203 (17.3-19.2 wt.%); Si02 (47.6-52.1 wt.%); P205 (0.48-0.78 

wt.%); Sr (1203-1365 ppm); Rb (34-49 ppm): Ce (137-214 ppm); l a (67-104 

ppm); Ba (708-1012 ppm); Zr (251-341 ppm); Nb (57-93 ppm) and Nd (47-66 

ppm) ^ Popart from Na20, A1203, Si02 and Sr, these elements are largely 

incorpatible in respect to the phenocryst phases and thus beccme 

concentrated in the phenocryst-depleted, residual l i q u i d s . Na20, Si02, 
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and Sr also appear to becxxne concentrated i n more evolved lavas v ^ c h 

can be explained by the dominance of phases r e l a t i v e l y poor i n these 

elements involved i n fractionation, i e . o l i v i n e , pyroxene, 

ti tancmagnetite. 

4 .3 .3 Petrography 

The nodal phenocryst data in table 4.3.1 are plotted against whole-rock 

chemistry (figures 4.3.3 to 4.3.5). These plots are MgO vs t o t a l 

phenocryst volume, clinopyroxene, plagioclase, o l i v i n e and titano-

magnetite (figure 4.3-3); clinopyroxene vs Cr (figure 4.3-4) and 

plagioclase vs Sr (figure 4.3.5)- Figure 4-3-3 shows a sharp increase 

in t o t a l phenocryst abundance from 25-43 volume percent and a broad 

lin e a r positive correlation with Pyroxene appears to be the most 

variable phase, ranging from 0-13 volume percent with increasing MgO 

and Cr. Olivine and titano- magnetite show a similar, but barely 

s i g n i f i c a n t , variation of 0-3 and 0-2 volume percent respectively. 

Plagioclase shows l i t t l e s i g n i f i c a n t variation at a l l (22-30 v o l . %) 

and does not produce lin e a r trends. The large range i n Sr concentration 

does not r e f l e c t plagioclase control and i s probably due to the 

d i l u t i o n e f f e c t of the other fractionating, Sr-poor phases. 

The combined petrographic and whole-rock chemical evidence i s therefore 

consistent with c r y s t a l fractionation processes dominated by 

clinopyroxene within these lavas. 
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4.3.4 Trace Element Modelling 

Figures 4.3.6 - 4-3.10 are inconpatible element r a t i o plots v ^ c h 

distinguish between different magna l i q u i d ccnpositions but suppress 

the effects of fractionation. Each plot exhibits two a n a l y t i c a l l y 

s i g n i f i c a n t trerKis which are mixing consistent. Lineage 1 (closed 

square symbols on a l l succeeding figures) involves sanples ES 351, 383, 

353 and 48. A second trend, lineage 2 (open squares), i s defined by ES 

396, 151, 362, 384 and 397. The sanples oom.stently retain the same 

r e l a t i v e positions on each of the p l o t s . 

Figures 4.3.7 and 4.3.8, Ba/Rb v K/Zr and K/l̂ 3b vs K/Zr respectively, 

shew the t̂ AO curved lineages which contrast i n oonposition p a r t i c u l a r l y 

i n terms of their K/Zr r a t i o s . The trends appear to converge at the 

Ba/Rb and K/Zr poor ends of the lineages. Figure 4.3.6 i s a cormon 

dencminator plot between K/Rb and Zr/Rb showing the ta^o d i s t i n c t l i n e a r 

mixing l i n e s with d i f f e r i n g Zr/Rb r a t i o s . Lineage 2 (ES 396 - 397) 

inte r s e c t s lineage 1 at hybrid ocsxposition ES383 on lineage 1. This 

relationship i s a l s o observed on the plot La/Nb v Zr/Rb (figure 4.3-9) 

where lineage 2 again intersects lineage 1 at ES383 (a hybrid between 

ES 351 and 48)- The trends have d i f f e r i n g Zr/Rb and La/Nb r a t i o s . 

Samples ES 384 and 151 on figure 4.3.9 f a l l away from lineage 2, but 

l i e on t h i s lineage on a l l of the other i n c a i p a t i b l e element r a t i o 

plots. The deviation of these sanples frcm the trend i s within the 

error l i m i t s for the La/Nb r a t i o . Figure 3-1.10 shows that whilst 

lineage 2 i s variable in terms of Nb/Rb and K/Zr ra t i o s and forms a 

good curved mixing trend, lineage 1 i s not variable i n terms of these 

r a t i o s . The lineage 2 curve i n t e r s e c t s tJie lineage 1 c l u s t e r . 
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The i n c c n ^ t i b l e element rat i o s , therefore, define two mixing lineages 

Lineage 1, ES 351, 353, 383 and 48, i s produced by mixing tw 

end-moTibers with contrasting Ba/Rb, K/Rb, Zr/Rb and La/Nb ratios but 

with s i m i l a r K/Zr and iSIb/Rb r a t i o s . Lineage 2, ES 396, 151, 362, 384 

and 397, intersects lineage 1 on a l l the r a t i o plots at hybrid ES383. 

End-member ES396 on lineage 2 may mix w i t h hybrid ES383 to produce 

lineage 2. These two end-mesiiber car tpDs i t ions have contrasting Ba/Rb, 

K/Zr, Nb/Rb, Zr/Rb, K/Rb rat i o s but s i m i l a r t^/Nb r a t i o s . 

4.3.5 Superinposed Mixing and Fractionation Processes 

Incarpatible element r a t i o plots can be related to sinple two-elonent 

variation plots to separate the e f f e c t s of fractionation and mixing. 

The mixing lineages i d e n t i f i e d on the incortpatible elanent r a t i o plots 

are described separately and the general observations and conclusions 

that can be drawn are l i s t e d . 

TVvD-element variation plots using trace elements are used to study the 

relationships between mixing and fractionation processes. These plots 

are Zr vs K, Zr vs Nb and K vs Ba (figures 4.3.11 to 4.3-13)-

Lineage 1 

1) Lineage 1 i s defined on the incorpatible element r a t i o plots by 

sanples ES 351, 383, 353 and 48 (closed squares). This mixing trend i s 

present on a l l of the inconpatible r a t i o plots. However, the same 
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sanples do not define a mixing trend on most of the two-element 

variation plots i n figures 4-3-11 to 4.3-16. Since lineage 1 sanples 

do not define a linear mixing trend on such plots, post-mixing 

processes must have affected them. 

2) Plots Zr-K, K-Ba, K-P205, Sr-K and Zr-Nb exhibit s n a i l 

fractionation consistent trends for lineage 1 sanples. These plots 

show a greater s e n s i t i v i t y to minor anounts of fractionation which are 

not resolved en the MgO plots or from modal phenocryst data involving 

lineage 1 sanples. The ES48 end-member, however, i s shown to be nore 

basic ( l e a s t fractionated or a cumulate) on figures 4-3-2 and 4.3.3-

3) ES 353 and 48 are always c l o s e l y associated on the inconpatible 

element r a t i o plots indicating that they are of the same hybrid/liquid 

ccnposition. On the two-element plots, though, these two sanples never 

plot together and are often widely separated- I f ES 353 and 48 are 

joined together with t i e s l i n e s on the two-element plots (shown as 

arrows on figures 4.3.11-13) a fractionation consistent "txend" i s 

produced. For exanple, on the K-Ba, Zr-Nb and Zr-K plots (figures 

4.3.11 to 4.3.13), 353 and 48 l i e on a p o s i t i v e trend and t h e i r 

r e l a t i v e differences can be explained by fractionation. These t\JO 

sanples eilso shew a small difference i n pyroxene and o l i v i n e phenocryst 

proportions (figure 4-3-3) with ES48 showing l e a s t fractionation-

4) Having established that an ES48 l i q u i d corposition has undergone a 

small anount of fractionation to ES353, i t i s necessary to study the 

other members of the lineage for fractionation. End-member ES351 and 

hybrid ES383 both appear s l i g h t l y nore fractionated than ES48 on the 
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nodal phenocryst plots ( i n respect to o l i v i n e and pyroxene), but no 

more so than ES353. Hcwever, on the plots Zr-K, K-Ba and Zr-Nb, ES 351 

and 383 are c l e a r l y not as fractionated as ES353 and l i e between ES48 

and ES353. I f ES48 i s nore of a cumulate then ES 351 and 383 may not 

have been fractionated. Again, the i n s e n s i t i v i t y of the MgO and modal 

phenocryst plots to sarell amounts of fractionation may account for t h i s 

discrepency. 

5) Plots Sr-Cr and Cr-Ba show l i t t l e s i g n i f i c a n t variation for the 

lineage 1 sanples (closed squares). 

6) The r e l a t i v e l y unfractionated msnt>ers of lineage 1, ES 351, 48 and 

383, define a small mixing-consistent trend ( s i m i l a r to that observed 

on the inccxrpatibie r a t i o plots with the saitples i n the same order) on 

the Zr V Nb plot (dashed l i n e ) . ES353 f a l l s w ell off the lineage due 

to fractionation. 

In sunmary, the lineage 1 conprises a l i n e a r mixing l i n e on 

incorpatible r a t i o plots distinguishing end-members and hybrids with 

dif f e r e n t incor^satible element r a t i o s . The two-element variation plots 

involving trace elements shew evidence that there has been 

fractionation to varying degrees involving some members of tlie lineage. 

This post-mixing fractionation explains why l i n e a r mixing lin e s are not 

c l e a r l y observed on the two element variation plots and the data often 

appear to be scattered or produce trends not conparable to the mixing 

lineages. 
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Lineage 2 

1) Sanples belonging to the mixing lineage 2 define good, l i n e a r 

trends on the plots Zr-K, Zr-Nb and K-Ba (figures 4-3.11-13). End-

member samples ES 396 and 383 have the same r e l a t i v e positions on both 

the incatpatible r a t i o plots and these two-elenent variation plots. 

Seme hybrids retain the same r e l a t i v e positions-

2) The lineage 2 trends defined on the two-element plots can be 

related to varying proportions of phenocrysts with end-member ES396 and 

hybrid ESI51 being heavily depleted i n phenocrysts or strongly 

fractionated as shown by the MgO and modal phenocryst plots and on 

figure 4-3.17. Fractionation could be proposed to be the cause of the 

lineage 2 trend on these plots. However, as lineage 2 i s recognised on 

the incanpatible r a t i o plots to be a mixing trend, then the same trend 

recognised on these two-element plots, represented as a dashed l i n e , 

must also be a mixing trend. 

3) Because the end-members recognised on the incorrpatible r a t i o plots 

are s t i l l represented as end-members on those twD-element plots that 

display lineage 2, i t i s argued that the ES396 end-member was 

fractionated before i t mixed with a more basic magma, ES383 (a lineage 

1 hybrid). This mixing produced a trend which has variable phenocryst 

proportions appearing to be consistent with fractionation because each 

end-member had contrasting phenocryst abundances. Hence, the dashed 

trends on figures 4.3.11-17 probably represent a mixing trend. 

Alternatively, the end-manber ES396 may have fractionated more strongly 

than the other samples a f t e r mixing. However, since there i s no 
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evidence to suggest otherwise, i t i s assumed that ES396 underwent a 

pre-mixing fractionation because i t s t i l l defines an end-mentoer on 

these plots and i t has undergone nore extrone fractionation than tlie 

other sanples and may represent a separate fractionation episode. 

4) Lineage 2 sanples that c l u s t e r together on the inccsrpatible element 

r a t i o plots and therefore have the same iiquidjj^caiposition, for example 

ES 362 and 151, both plot on the trend but do not plot together on. the 

mixing l i n e in figures 4.3.11-13. 

5) The remaining tv>flo-element variation plots do not shew a lineage 2 

mixing l i n e . These plots are Sr-K, Cr-Ba and Sr-Cr which show a large 

scatter of the data (figures 4.3.14-16) 

6) Taking the Sr-K plot (figure 4-3-14) as an exanple, the tvo 

end-members on lineage 2 (which were observed to retain t h e i r r e l a t i v e 

positions on other tv^eleanent plots) can be joined with a t i e l i n e i e . 

ES396-383. This l i n e should represent the mixing l i n e (assuming ES396 

fractionated before mixing) and hybrids should plot on i t . Hybrids ES 

397 and 384 do plot o i t h i s l i n e but ES362 l i e s s l i g h t l y off and ES151 

l i e s well off t h i s l i n e . Sanples ES 397, 362 and 151 consistently plot 

together on the inconpatible element r a t i o plots (of the same hybrid 

corposition) but define a sub-vertical trend away fron the mixing l i n e 

on the Sr V K plot- This relationship i s also shown by the Cr v Ba and 

Sr V Cr plots. 

7) The deviation of the hybrids away from the mixing l i n e can be 

explained i n terms of post-mixing fractionation as observed on lineage 
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1. I f lineage 1 has undergone a post-mixing fractionation then i t i s 

l i k e l y that lineage 2 also has. The hybrid ES151 i s nost strongly 

fractionated and l i e s furthest fran the mixing l i n e on the Sr v K plot. 

The plots on which the lineage 2 can be recognised shewing no 

deviations off the trend of hybrids corrpositions, (those which involve 

incoipatible elements only, figures 4.3-11-13), show the hybrids to 

plot at different positions on the tvso-element trends to that shown on 

the incOT^Jatible element r a t i o p l o t s . This can be explained t y the 

fractionation of the hybrids. The fractionation trends, however, l i e 

p a r a l l e l to the mixing trends on such plots and they are therefore 

superixrposed resulting in a good trend involving a l l lineage 2 samples 

and appearing to be caused by fractionation. 

Figure 4.3.17 should distinguish fractionation fran mixing, as 

discussed e a r l i e r , and i t can be observed that the lineage 2 sanples 

(open squares) ES 396 and 151 have been fractionated. Hcwever, i t i s 

argued that ES396 has suffered pre-mixing fractionation and ESI51 has 

undergone a post-mixing fractionation. The variation plots 

involving trace elements, p a r t i c u l a r l y inccmpatibles, shew a marked 

kink or dog-leg in the trend possibly resulting from the l a t e r 

fractionaticsi of ES151 away fran the fractionation consistent mixing 

l i n e . 

In sumrary, two mixing lineages can be recognised within tiie 1911 suite 

of sanples, these lineages are distinguished i n terms of th e i r 

incanpatible element rat i o s en figures 4.3.6-10). Lineage 1 (closed 

squares) i s produced by mixing two end-members near to ES351 and ES48 
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c a t p o s i t i o n s t o create a ser i e s o f h y b r i d s . Lineage 2 (open squares) 

must be created a f t e r lineage 1 because lineage 2 appears t o be 

produced by mixing o f a p o s s i b l y pre-mixing f r a c t i o n a t e d end-member o f 

ES396 c c i i p o s i t i o n w i t h a r e l a t i v e l y u n f r a c t i o n a t e d h y b r i d s i m i l a r t o 

ES383 on lineage 1. Therefore, con^lex mixing episodes have produced 

the caT$X3sitional heterogeneity w i t h i n t h i s f l e w which involves mixing 

o f end-mesitoer l i q u i d s aswell as mixing o f h y b r i d s w i t h these 

end-members. Post-mixing f r a c t i o n a t i o n subsequently occurred, 

a f f e c t i n g lineage 2 sanples t o a gr e a t e r e x t e n t . Although appar_ent 

c r y s t a l - f r a c t i o n a t i o n c o n s i s t e n t trends, i n v o l v i n g mainly lineage 2 

saiiples, were i n i t i a l l y recognised using the MgO p l o t s and modal 

phenocryst study, much o f the wiiole-rock chemical v a r i a t i o n i s now 

shewn t o r e s u l t frcsn the mixing o f a f r a c t i o n a t e d magma w i t h a less 

f r a c t i o n a t e d one t o produce a f r a c t i o n a t i o n - c o n s i s t e n t t r e n d . 

4-3.6 Cjorrelation Between Lava C o r p o s i t i o n and Volcanology 

The segmentation o f the 1911 e r u p t i v e f i s s u r e s ( f i g u r e 4.3.1) enables a 

few o f t l i e sairples t o be dated r e l a t i v e t o one anotJier assuming t h a t 

a c t i v i t y migrated t o Icwer a l t i t u d e s d u r i n g the e r u p t i o n . This 

i n f o r m a t i o n can be r e l a t e d t o lava chemistry and petrography f o r the 

reasons discussed i n s e c t i o n 4.1. 

Sairples o o l l e c t e d from the highest e r u p t i o n s i t e a t 1950m a . s . l . are 

ES396, bel i e v e d t o be the f i r s t erupted sanple, followed by ES397. The 

lower e r u p t i v e f i s s u r e segment a t 1750m a . s . l . c o n s i s t s o f a l i n e o f 

e f f u s i v e vents from which o r i g i n a t e d the large lava f l o ^ associated 
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w i t h t h i s e r u p t i o n . Sanples ES383 and 384 were c o l l e c t e d high up on 

t h i s f i s s u r e segment ( f i g u r e 4-3.1) which must post-date saiiples ES 396 

and 397 but pre-date the san^^les f r o n the main lava f i e l d v^hich cannot 

be dated r e l a t i v e t o one another. 

The two f i r s t - e r u p t e d sanples, ES 396 and 397, both belong t o mixing 

lineage 2. Furthermore, the e a r l i e s t o f these sairples, ES396, i s the 

most f r a c t i o n a t e d sanple i n the s u i t e . ES397 i s r e l a t i v e l y 

u n f r a c t i o n a t e d ( f i g u r e s 4.3.2 and 4.3.3). Lavas c o l l e c t e d f r o n the 

Icwer f i s s u r e segment belong t o both mixing l i n e s and are also l a r g e l y 

u n f r a c t i o n a t e d and there appears t o be no systeanatic r e l a t i o n s h i p 

between lava chemistry and r e l a t i v e a g e / a l t i t u d e o f e r u p t i o n . 
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Table 4.3.1 
XRF WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1911 LAVAS 

major oxides, weight % 

ES 48 ES151 ES351 ES353 ES362 ES383 ES384 ES396 ES397 

S i 0 2 48.61 48.83 47.67 48.64 48.02 48.40 48.47 52. 13 48. 17 
A1203 17.55 18.98 17.36 17.46 17.37 17.34 17.83 19. 20 17.40 
T i 0 2 1.70 1.56 1.70 1.67 1.65 1.67 1.69 1.62 1.66 
Fe203 3.66 3.47 6.58 5. 16 5.51 3.66 3.32 2.86 2.99 
FeO 6.94 5.66 4.20 5.41 4.92 6.67 6.94 5.34 7. 22 
MgO 5.66 4. 14 5.36 5.43 5.32 5.37 5.45 3.02 5.39 
CaO 10.51 9.75 10.47 10. 28 10.09 10.32 10. 28 8. 11 10.01 
Na20 3.76 4.21 4.06 4.02 4. 17 3.92 3.93 4.97 3.81 
K20 1.62 1.81 1.65 1.67 1.71 1.65 1.70 2.33 1.70 
MnO 0. 19 0. 17 0. 19 0. 19 0. 19 0. 19 0. 18 0. 17 0. 19 
P205 0.48 0.62 0.48 0.57 0.57 0.56 0.59 0.78 0.55 
H20+ 0.34 0. 17 0. 26 0.28 0. 26 0.62 0.03 0.20 0.39 
CO 2 0. 12 0.29 0.11 0. 10 0. 18 0. 16 0.38 0. 13 0. 18 

t o t a l 101. 14 99.66 100.09 100.88 99.96 100.53 • 100.79 100.86 99.66 

t r a c e < elements, ppm 

Sr 1203 1365 1247 1244 1235 1220 1224 1293 1218 
U 3 1 1 2 2 1 0 3 1 
Rb 35 38 34 36 36 35 36 49 36 
Y 27 27 27 29 27 28 29 30 27 
Th 9 10 10 8 9 8 9 16 9 
Pb 7 5 5 4 6 3 4 8 4 
Ga 22 24 22 23 23 21 22 25 22 
Zn 96 90 86 95 91 88 93 92 97 
Cu 129 129 129 120 120 119 132 98 128 
Cr 31 13 27 30 30 33 29 4 29 
Ni 23 10 21 21 21 21 21 4 22 
Co 43 32 40 43 44 43 48 3 1 45 
Nd 49 52 47 54 55 51 58 66 50 
Sm 10 9 12 9 11 7 11 13 11 
Ce 140 159 137 139 148 141 147 214 146 
Ba 708 767 722 748 730 714 728 1012 717 
La 67 72 70 68 68 67 70 104 69 
Nb 60 66 57 61 60 59 60 . 93 61 
Zr 251 269 255 257 255 254 255 341 257 

volume % phenocrysts 

p l a g . 22. 2 24.7 28.3 22. 1 29.2 20.0 27.0 23.9 20.8 
pyrox. 12.8 2.9 7.2 12.5 8.8 10. 1 8.5 0. 1 12.2 
o l i v . 3.2 2.7 3.0 2.9 3.0 1.3 2.3 0. 1 2.0 
Ti-mag 1.5 0.8 1.2 2.0 1.9 1.3 1. 1 0.3 1.8 
t o t a l v o l . 
% phenos 39.7 31.1 39.7 39.5 42.9 32.7 38.9 24.4 36.8 

(FeO, H20+, C02 determined using the me thods d e s c r i b e d i n chapter 2) 
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Figure 4.3.1 
1911 LAVA FIELD 
north-eastern flank 
(fissure eruption) 

A -ES ' sample locaUties 
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Map of the 1911 lava f i e l d shewing sainple locations. Grid references 
and b r i e f descriptJ.ons of samples are given i n table 2.1 
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Figure 4.3.3 
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4.4 The 1923 Lavas 

4.4.1 The E m p t i o n 

The e r u p t i o n o f 1923 ccmnenced on 16 June when a f i s s u r e system opened 

along the NE r i f t zone f o l l o w i n g s e i s m i c a l l y v i o l e n t suinnit a c t i v i t y . 

E t u p t i v e boccas opened along the f i s s u r e a t 2,500m a . s . l . and extended 

down t o l,80an a . s . l . Lava t r a v e l l e d f r a n the lower bocca i n a NE and 

WE d i r e c t i o n and reached 600m a . s . l . , l l k m from the e r v ^ i v e bocca 

( f i g u r e 4.4.1). The advance o f the lava f r o n t ended by 29 June and the 

e r u p t i o n stopped an 18 J u l y , 32 days a f t e r a c t i v i t y began {Ronano and 

S t u r i a l e 1982, Chester e t . a l . , 1985). The t o t a l volume o f lava 

erupted i s e s t i j i e t e d t o be 78xl0*6m"3 (Rcmano and S t u r i a l e , 1982). 

4.4.2 V^ole-Rock Chonistry 

Bulk-rock analyses f o r sanples c o l l e c t e d f r o n the 1923 lava f i e l d are 

shown i n t a b l e 4.4.1, together w i t h modal phenocryst data. Sanple 

l o c a t i o n s are shown i n f i g u r e 4.4.1. This a n a l y t i c a l data shows there 

t o be s i g n i f i c a n t ccmpositional v a r i a t i o n w i t h i n these lavas wliich i s 

g r a p h i c a l l y demonstrated on the N̂ O v a r i a t i o n diagrains i n f i g u r e 4.4.2 

On the whole, there i s a coherent, l i n e a r v a r i a t i o n w i t h MgO on these 

p l o t s , being c o n s i s t e n t w i t h c r y s t a l f r a c t i o n a t i o n and o f a s i m i l a r 

nature t o t h a t observed w i t h i n the 1910 and 1911 lava f i e l d s . 
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Itie major oxide data show the foilOrtdng linear correlations with 
( i n weight percent) 

Positive Correlation Negative Correlation 

Si02 48.2-49.8 CaO 9.8-10.4 

Ai203 17.2-19.2 Ti02 1.5-1.7 

P205 0.54-0.61 

K20 1.66-1.87 

Fe203 9.7-11.2 ( t o t a l Fe) 

The phenocryst control lines (derived frcm the microprobe data i n 

chapter 3) c l e a r l y show that the observed trends could be produced by 

the doninant fractionation of pyroxene and o l i v i n e . Modal phenocryst 

data, hcwever, show t l i a t pyroxene i s the nost variable phase with small 

variations i n a l l other phenocryst phases (see discussion i n section 

4.4.3). 

Seme of the trace elements also exhibit linear, f r a c t i o n a t i o n -

consistent trends on figure 4.4.2, although s i g n i f i c a n t deviations of 

seme sanples fran the trend are observed, p a r t i c u l a r l y i n respect to 

the inccnpatible trace elements. The trace elements which show general 

linear variations are ( i n ppm): 

Positive Correlation Negative Correlation 

Cr 8-32 Sr 1205-1384 

Ni 12-22 Zr 252-274 

FEb 35-40 

Ba 723-786 

Mb 59-69 
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The remaining trace elements also show scsne s i g n i f i c a n t v a r i a t i o n , 

although the MgO plots show a l o t of scatter, seme of which can be 

at t r i b u t e d to analytical inprecision when the error bars are taken i n t o 

consideration. These elements and t h e i r variations ( i n ppn) are: 

Zn 89-98 69-77 

Cu 125-133 Ce 133-159 

Co 36-55 an 6-16 

Nd 51-60 

4.4.3 Petrography 

Total phenocryst volumes and volume percentages for a l l the individual 

phenocryst phases are plot t e d against MgO on figure 4.4.3. Total 

phenocryst contents increase with MgO, fron 30 to 42 volume percent. 

This further emphasises crystal fractionation processes i n addition t o 

Whole-rock chemical evidence. Pyroxene i s also shown to be the rrost 

variable individual phenocryst phase which increases fron 3 t o 12 

volume percent along a positive, broad trend on the modal pyroxene vs 

MgO and Cr plots i n figures 4.4.3 and 4.4.4. This evidence agrees with 

the whole- rock chemical trends which were shown t o be consistent with 

sane pyroxene fractionation. 

Plagioclase, although varying i n abundance from 21 t o -30 volume 

percent, does not show a good linear relationship with .either or 

Sr (figures 4.4.3 and 4.4.5) and the data are rather scattered, 
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p a r t i c u l a r l y i n respect to Sr. The plagioclase vs MgO pl o t , hcwever, 

does show a r e l a t i v e l y higher abundance of plagioclase i n the MgO and 

pyroxene-poor lavas. Olivine and titanomagnetite show small increases 

i n abundance with MgO and pyroxene (figure 4.4-3) although the 

variations are rather small. The concentrations of these phases i n the 

lavas are similar: o l i v i n e 0-4-3-3 v o l . % and titanoragnetite 0.6-2-6 

vol- %. 

4-4-4 Trace Element Modelling 

Ihe inconpatible r a t i o plots Nd/Rb vs Zr/Rb, La/Nb vs Zr/Fb, Nb/Rb vs 

K/Zr and K/Rb vs Zr/Rb {figures 4.4-6-9) consistently show .the 

existence of a major mixing-consistent trend- Eiid-menibers of t h i s 

trend are ES398 and ES381. Most of tlie hybrids on t h i s trend cluster 

towards the ES381 end-menbers on the Nb/Rb vs K/Zr, Ê a/Mb and Nd/Rb vs 

Zr/Rb plots- The La/Nb vs Zr/Rb p l o t does not shew ES381 to be the 

end-member, but the large error l i m i t s for tlie La/Nb r a t i o can account 

for t h i s . However, the Nd/K vs Zr/Ba diagram shews the hybrids to be 

spread out along the mixing trend which may also be related t o 

r e l a t i v e l y Icurge error l i m i t s associated with these r a t i o s . 

Sanples ES350, 368 and 114 consistently p l o t away from the nain trend 

and may represent part of separate mixing lineages although the 

evidence for t h i s i s sparse. 
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The relationship La/bib vs Zr/Rb (figure 4.4.7) exhibits a strong 

arcuate mixing trend with r e l a t i v e l y constant Zr/Rb and variable ta/Nb 

(1.0-1.2). Saitples ES 350, 368 and 114 deviate fron t h i s trend and are 

aligned horizontally with varying Zr/Rb and constant La/Nb. This 

apparent second trend intersects the main mixing curve. 

Nd/Rb and K/Rb versus Zr/Rb (figures 4-4.6 and 4-4.9) plots show that 

whilst Zr/Rb r a t i o i s stable there i s a large variation i n the Nd/Rb 

and K/Rb ra t i o s . The sanples which do not conform to t h i s trend, 

ES350, 368 and 114 do not define a second trend on these plots, but 

ES350 and 368 could alone, although the evidence i s very weak, define a 

second mixing lineage consistent on a l l plots vstdch intersects the nain 

trend. ES114 i s t o t a l l y isolated and may represent part of another 

trend which i s not represented w i t h i n t h i s sanple suite-

Nb/Rb vs K/Zr (fig[ure 4.4-8) displays the praninent mixing curve with 

variable Nb/Rb and K/Zr ratios between ES 398 and 381. Again, a 

tentative secondary trend could be present, defined by ES350 and 368 

intersects the main mixing curve and ES114 i s isolated fron either 

trend. 

The plot Nd/K vs Zr/Ba (figure 4.4.10) reveals a broad mixing trend 

shewing a highly variable Nd/K r a t i o and a constant Zr/Ba r a t i o . The 

ananalous behaviour of sanples ES 350, 368 and 114 recognised on the 

other plots are not distinguishable on t h i s diagram. 
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End-mentoers on the main mixing trend are: 

ES398 - r e l a t i v e l y low - La/bib (<1.01), Nd/Rb (<1.35), Nd/Kxio»-

(<3.4). 

high - K/Rb( (>4.02), Nb/Rb (>1.83), K/Zrj^(>0.56) 

ES381 - r e l a t i v e l y low - K/Rb| {<3.85), K/Zrjf ( <0.54), Nb/Rb 

(<1.65). 

high - La/Nb (>1.19), Nd/Rb (>1.59) 

4.4.5 Superiirposed Mixing and Fractionation Processes 

The following conclusions can be drawn fran the carparison of two-

element variation diagrams with the incorpatible r a t i o plots discussed 

above to i d e n t i f y the relationship between the mixing and fractionation 

processes. Such plots are shown i n figures 4.4.11 t o 4.4.15 which 

display linear trends related to the fractionation processes i d e n t i f i e d 

above. Sane plots, though, show a small degree of scatter. 

On the Zr vs K p l o t (figure 4-4.11), the fractionation-consistent trend 

cannot be related to the mixing trend on the incOTipatible element r a t i o 

p l o t s . However, end-members ES 398 and 381 s t i l l l i e at opposite ends 

of the trend but a l l of the hybrid corpositions have moved fran t h e i r 

respective mixing positions between the two end-members. I t i s argued, 

therefore, that because the mixing trend i s not present on t h i s p l o t . 
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or on any of the other two-element plots (figure 4.4.12-15), that 

post-mixing fractionation has occurred which i s responsible for the 

overall trend. 

Fractionation of the d i f f e r i n g magmatic l i q u i d oonpositions along the 

mixing trend should produce s l i g h t l y d i f f e r i n g fractionation paths for 

each, as i l l u s t r a t e d w i thin the 1910 lavas. The inconpatible r a t i o 

plots for the 1923 lavas show nost of the hybrids t o cluster towards 

the ES381 end-mentoer and there are no obvious groupings of the hybrids. 

Fractionation of these coipositions would therefore produce a single 

trend within whicli i t voUi be d i f f i c u l t to recognise sub-parallel 

fractionation trends related to d i f f e r i n g l i q u i d corpositions. 

Hcwever, the scattering on. sane sanples, for exairple ES 395, 114, 152, 

cn t w element plots, especially those involving incorpatible elements, 

could be explained by the fractionation of d i f f e r i n g l i q u i d 

carpositions. Ttie most fractionated sanples of the suite are the 

end-member, ES398 and hybrid ES395 as well as ES114, a l l of which have 

strongly contrasting i c o t p a t i b l e element r a t i o s . Their fractionation 

thus results i n t h e i r scattering on two-element plots, whilst the 

fractionation of the renaining sanples (which share close l i q u i d 

conpositions) results i n the overall trend. The dashed arrows on 

figures 4.4.11-15 shew possible approximate fractionation paths of the 

d i f f e r i n g mgmatic corpositions. 

I t could be argued that the end-moriber, ES398, was fractionated before 

i t mixed with less-fractionated fresh magma. However, there i s l i t t l e 

evidence to support t h i s idea and post-mixing fractionation i s favoured 
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as the hybrid, ES395, has suffered the sare degree of fractionation. 

Figure 4.4.16 conbines an incoipatible r a t i o (K/Rb) with a oerrpatible 

one (K/Cr) t o show the oaribined effects of fractionation superirrposed 

upon a mixed, heterogeneous rmgm. The sanples ES 398, 114 and 395 are 

oonfirmed t o be s i g n i f i c a n t l y fractionated magmas with d i f f e r e n t 

incenpatible elenent r a t i o s . 

Magma heterogeneity caused by mixing i s therefore shown t o exist w i t h i n 

the 1923 lavas and a main mixing l i n e can be recognised on the 

inoonpatible element r a t i o p l o t s . Sane sanples f a l l o f f t h i s trend and 

may be evidence for a more carplex mixing framework wi t h i n these lavas. 

Evidence i s also present for a post^nixing modification of some hybrids 

by fractionation. This l a t e r fractionation has resulted i n the o v e r a l l 

chemical variation observed on vari a t i o n p l o t s . Significant 

fractionation of samples with contrasting inccmpatible eleinent r a t i o s 

has resulted i n the scatter of these sanples on two element pl o t s , 

particulcurly those involving inccrrpatible elements. 

4.4.6 Correlation Between Lava Ccnposition and Volcanology 

The r e l a t i v e ages of sane 1923 sanples can be determined frcm t h e i r 

eruptive a l t i t u d e s along the fissure system (figure 4.4.1). The 

sanples collected fron the ccrpound lava f i e l d cannot be r e l a t i v e l y 

dated as t h e i r distance from source does not r e f l e c t t h e i r r e l a t i v e 

ages. Figure 4.4.1 shows the e r u p t i o i sites and the lava flows 

associated with the 1923 event. Sanples collected fron the different 
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eruptive sites can be placed i n the following chronological order, 

s t a r t i n g with the f i r s t erupted: 

Alti t u d e 

(m a.s.l) 

Sanple 

number 

fractionated mixed 

2210 

1880 

ES 114 

ES 398 

ES 395 

ES 382 

yes 

yes 

yes 

no 

end-member 

hybrid 

hybrid 

The en^Jtive age/altitude of these sanples shows a good relationship t o 

the chonical and petrographic characteristics of the lavas. Early-

erupted sanples, ES 114, 398 and 395, are most fractionated and a l l 

l a t e r sanples are r e l a t i v e l y unfractionated. In addition, the e a r l i e s t 

erupted sanple, ES114, has. an anonalous magnatic l i q u i d uaiiposition i n 

terms of i t s incoipatible element r a t i o s (figures 4.4.6-10) and does 

not p l o t on a mixing trend. The succeeding lava i s ES398 which i s an 

end-member to the mixing trend. This i s followed by the eruption of 

hybrids on the mixing trend on the lower fissure which shows a s l i g h t 

change i n dir e c t i o n of the fissure to a more SSE orientation. 

The iirp l i c a t i o n s of these relationships are discussed i n chiapter 6 i n 

r e l a t i o n to the nature of the observed mixing and fractionation 

processes w i t h i n the high-level plumbing system of tlie volcano. 
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Table 4.4.1 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1923 LAVAS 

major oxides, weight % 

ES 52 ES114 ES152 ES350 ES368 ES380 ES381 

Si02 48.43 48.49 48.85 48.93 48.22 48.79 48.48 
A1203 17,93 18.44 17.90 18.03 17.70 18. 10 17.60 
Ti 0 2 1.64 1.62 1.66 1.64 1.64 1.65 1.68 
Fe203 3.35 3.87 3.08 4.45 4.25 3.07 3.04 
FeO 6.65 6.39 6.92 5.55 5.88 6.93 7.17 
MgO 5. 25 4.88 5. 10 4.90 5. 16 4.97 5.52 
CaO 9.98 10.38 10.06 9.96 9.97 10.00 10.26 
Na20 4. 16 4. 10 4.02 4.66 4.57 3.99 3.67 
K20 1.73 1.87 1.73 1.75 1.74 1.76 1.67 
MNO 0. 19 0. 19 0. 18 0. 18 0. 19 0. 18 0. 18 
P205 0.58 0.57 0.58 0.60 0.58 0.59 0.54 
H20+ 0.41 0.40 0.44 0.21 0.44 0.40 0.40 
C02 0. 10 0. 12 0. 22 0.11 0. 18 0. 15 0.11 

t o t a l 100.40 101.33 100.74 100.97 100.52 100.58 100.32 

t r a c e elements. ppm 

Sr 1272 1360 1280 1301 1271 1292 1232 
U 2 1 1 2 3 1 1 
Rb 36 40 37 40 38 37 36 
Y 28 29 27 28 • 28 29 28 
Th 9 10 10 10 9 10 9 
Pb 6 6 6 6 4 5 5 
Ga 24 23 24 23 23 22 21 
Zn 94 95 97 89 93 95 96 
Cu 130 131 131 125 127 130 130 
Cr 23 22 25 23 23 25 30 
Ni 20 14 16 19 22 17 21 
Co 50 49 55 41 45 41 44 
Nd 51 60 58 55 51 56 51 
Sm 10 7 8 16 10 6 15 
Ce 148 157 153 146 148 152 135 
Ba 751 786 762 761 751 767 734 
La 72 77 76 71 71 75 70 
Nb 62 67 64 62 62 63 60 
Zr 259 274 261 263 261 264 257 

volume % phenocrysts 

plag. 26.6 24.8 26. 2 21. 1 25. 1 29.4 25.0 
pyrox. 9.0 2.9 10.8 9.4 8.0 7.7 11.7 
o l i v . 2.0 0.9 2.5 2.4 2. 1 2.5 2.6 
Ti-mag- 2.6 0.6 2.5 1.3 2.4 2. 1 2.5 
t o t a l vol ,.% 
phenos. 40. 2 29. 2 42.0 34. 2 37.6 41.7 41.8 

(FeO, H20+, C02 determined using the methods de s c r i b e d i n chapter 2) 
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Table 4.4. 1 (continued) 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1923 LAVAS 

major oxides, weight % 

ES382 ES395 ES398 

Si02 48.44 49.51 49.81 
A1203 7.23 19. 24 19. 16 
Ti02 1.69 1.54 1.55 
Fe203 3.29 2.81 3. 10 
FeO 7.07 6. 23 5.96 
MgO 5.50 3.98 4. 13 
CaO 10.3 1 9.85 9.78 
Na20 3.68 3.97 3.99 
K20 1.66 1.83 1.84 
MNO 0. 18 0. 17 0. 17 
P205 0.56 0.61 0.61 
H20+ 0.35 0.29 0.28 
CO 2 0. 15 0. 11 0. 10 

t o t a l 100. 11 100. 14 100.48 

tr a c e elements, ppm 

Sr 1205 1384 1371 
U 1 1 3 
Rb 35 38 38 
Y 27 27 28 
Th 8 9 9 
Pb 4 5 7 
Ga 21 24 23 
Zn 98 95 95 
Cu 129 133 127 
Cr 32 8 13 
Ni 22 12 12 
Co 45 41 36 
Nd 54 58 52 
Sm 12 13 7 
Ce 133 159 145 
Ba 723 773 771 
La 69 74 70 
Nb 59 65 69 
Zr 252 274 274 

volume % phenocrysts 

plag. 24.9 28.2 25.3 
pyrox. 9.0 3.7 4.6 
o l i v . 3.3 0.4 0.6 
Ti-mag 1.9 0.8 0.7 
t o t a l v o l . % 
phenos 39. 1 33. 1 31.2 
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4.5 rtie 1928 Lavas 

4.5.1 The Eruption 

The e r u p t i o n o f 1928 ccnmenced on 2 Noveanber and was r e l a t i v e l y s h o r t 

l i v e d , ending on 20 November. Lavas were em^itted frcm a f i s s u r e 

system on the eastern f l a n k ( f i g u r e 4.5.1) which was an unusual s i t e 

f o r a f l a n k f i s s u r e e r u p t i o n . An account o f t h i s e r u p t i o n by Ponte 

(1928) described t l i e e r u p t i o n as the most dis a s t ^ r o u s a f t e r t h a t o f 

1669. The lava destroyed much f o r e s t r y and a g r i c u l t u r a l land together 

w i t h the town o f Mascali. 

A c t i v i t y began t o the nordieast o f the main sumnit cone i n the V a l l e 

d e l Leone where E3̂ IE t r e n d i n g f r a c t u r e s opened e r m i i t t i n g a s h o r t - l i v e d 

lava flew. The f i s s u r e prop<>gated i n an E2^ d i r e c t i o n towards the 

Serra d e l l a Concazze on the northe r n o u t e r w a l l o f the V a l l e d e l Bove. 

From here, lava erupted along a s e r i e s o f s p a t t e r cones on the f i s s u r e 

a t 2600m. The lava flcwed n o r t h and east o f Monte Concazze i n t o the 

wooded Cubania v a l l e y . This flow ceased on 3 November a t 1100m having 

an estimated volume o f a m i l l i o n cubic metres a t an e f f u s i v e r a t e o f 

10-12n:5^second (over one day). V i o l e n t sumtiit a c t i v i t y then occurred 

p r i o r t o the e r u p t i o n f u r t h e r downslope o f a l a r g e lava t o r r e n t . This 

e r u p t i o n s i t e was on the Piano d e l l a Donne s i t u a t e d on the R i p i d i Naca 

f a u l t scarp a t 1200m a . s . l . A l a r g e lava flow developed, extending f o r 

e i g h t k i l c m e t r e s i n an e a s t e r l y d i r e c t i o n which destroyed the town o f 

Mascali on 7 November. E f f u s i v e a c t i v i t y diminished by 12 November, 

the flew f r o n t }iad stopped by 16 November a t 25m a . s . l . and the 

e r u p t i o n f i n a l l y ended on 20 November. 
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4.5.2 Whole-Rock Chemistry 

The l o c a l i t i e s o f 15 saiT^>les c o l l e c t e d from the two n a j o r lava flows 

associated w i t h t h i s e r u p t i o i are shown i n f i g u r e 4-5.1, and the 

analyses f o r these are presented i n t a b l e 4-5.1 together w i t h modal 

phenocryst data. 

Chemical v a r i a t i o n w i t h i n these lavas i s n o t i c e a b l y more r e s t r i c t e d i n 

cai?iarison t o the e a r l i e r lavas st u d i e d . The MgO v a r i a t i o n diagrams i n 

f i g u r e 4-5-2 i l l u s t r a t e t h i s , showing most data t o c l u s t e r between MgO 

values o f 5.4 and 5.8 weight percent- A few sant>les, liowever, l i e 

o utside t h i s range and show s i g n i f i c a n t o v e r a l l v a r i a t i o n , present on 

sane p l o t s as a general f r a c t i o n a t i o n - c o n s i s t e n t spread o f the data. 

Such a v a r i a t i o n can be observed i n the f o l l o w i n g elements: 

P o s i t i v e trends 

i y ^ vs Fe203 10.8-12.2 wt. % 

CaO 9.9-10.6 wt. % 

Ti02 1.6-1.7 wt. % 

Ni 19-26 ppm 

Negative trends 

MgO vs K20 1.6-1-8 wt. % 

Ce 134-154 ppm 

The i n c o n p a t i b l e trace elements Mb, Zr, La and Nd a l s o e x h i b i t less 
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convincing, scattered general f r a c t i o n a t i b n - c o n s i s t e n t v a r i a t i o n . The 

reiraining elements have no systematic v a r i a t i o n on f i g u r e 4.5.2 and 

show a l a r g e degree o f s c a t t e r , scrne o f which i s s i g n i f i c a n t , but much 

o f which l i e s l a r g e l y w i t h i n the a n a l y t i c a l e r r o r l i m i t s . 

4.5.3 Petrography 

Ihe t o t a l phenocryst-MgO p l o t i n f i g u r e 4.5.3, although r a t h e r 

s c a t t e r e d , shows an o v e r a l l v a r i a t i o n i n phenocryst content w i t h i n the 

lava flows f r o n 30 t o 52 volume percent producing a p o s i t i v e 

c o r r e l a t i o n w i t h I ^ ^ . This v a r i a t i o n provides f u r t h e r evidence f o r 

probable c r y s t a l f r a c t i o n a t i o n . 

DD i d e n t i f y the r o l e s o f s p e c i f i c phenocryst phases i n the 

f r a c t i o n a t i o n process, each phenocryst i s p l o t t e d against MgO and, i n 

a d d i t i o n , pyroxene i s a l s o p l o t t e d against Cr ( f i g u r e 4.5-3). Fran 

these p l o t s i t a£^>ears t h a t both pyroxene and p l a g i o c l a s e increase w i t h 

MgO and Cr (3-14 and 17-38 v o l . % r e s p e c t i v e l y ) . The abundances o f 

o l i v i n e and t i t a n o - n e g n e t i t e , on the other hand, show l i t t l e 

v a r i a t i o n . 

V a r i a t i o n s i n phenocryst abundances, p a r t i c u l a r l y i n respect t o pyroxene 

and p l a g i o c l a s e could, t h e r e f o r e , c o n t r o l the v a r i a t i o n on scrne 

p l o t s by c r y s t a l f r a c t i o n a t i o n processes. However, the high degree o f 

s c a t t e r on MgO v a r i a t i o n p l o t s suggests t h a t processes i n a d d i t i o n t o 

c r y s t a l f r a c t i o n a t i o n are producing sane o f the observed v a r i a t i o n . 
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4.5.4 Trace Element Modelling 

Ihe i n c c r t p a t i b l e eisnent r a t i o p l o t s i n f i g u r e s 4.5.4 t o 4.5-8 show 

considerable v a r i a t i o n c o n s i s t e n t w i t h mixing. Figures 4.5.4 t o 4.5-6 

show two d i s t i n c t mixing-oonsistent trends, defined by open and f i l l e d 

square symbols. "Mixing Lineage 1" ( f i l l e d squares) i s the douinant 

t r e n d c o n t a i n i n g most san^)les- This trend has the end-member ES 117 

and 309- "Mixing Lineage 2" (open squares) i s a second trend which 

converges on the lineage 1 and has end-moiibers ES 301 and 302/305. 

Mixing Lineage 1 

The h y b r i d lavas on t h i s t r e n d c o n s i s t e n t l y l i e near t o the ES117 

end-member \ft4iich must have doninated i n the mixing event w i t h ES309. 

ES309 i s i s o l a t e d from the hy b r i d s on most p l o t s . Figures 4.5.4 t o 

4.5.6 e x h i b i t s t r a i g h t o r curved mixing trends shown by the dashed 

l i n e s , depending on tl i e type o f r a t i o p l o t (see i n t r o d u c t i o n t o t h i s 

chapter) caused by v a r i a b l e K/Nb, Ba/Nb, K/Zr and Nb/Rb r a t i o s . Figure 

4-5-7 shows the end-members t o have s l i g h t l y v a r i a b l e Nd/K, o u t s i d e the 

large e r r o r l i m i t s , b ut r e l a t i v e l y constant Zr/Ba, t h i s p l o t does not 

d e f i n e the tr e n d p a r t i c u l a r l y w e l l - The remaining i n c c i T ^ t i b l e element 

p l o t , Zr/Rb vs K/Rb (figure^j^S), shows i n s i g n i f i c a n t v a r i a t i o n f o r wost 

Lineage 1 sanples, ES309 being t l i e exception- Lineage 2 sairples (open 

squares), hcwever, f a l l away f r a n t h i s c l u s t e r . 

Mixing Lineage 2 

This i s a minor mixing t r e n d and i s defined by end-member ES301, 

hybr i d s 303 and 304 and p o s s i b l e end^nembers ES302+305. There i s doubt 
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over the l a t t e r end-meniber because some p l o t s , f o r exanple K/Nb vs 

Ba/Nb ( f i g u r e 4.5-5) and Nd/K vs Zr/Ba ( f i g u r e 4.5.7), show them t o 

p l o t on lineage 2 but other p l o t s such as K/Nb vs K/Zr ( f i g u r e 4.5.4) 

and Nb/Rb vs K/Zr ( f i g u r e 4-5.6) show t h i s end-meirber t o be a h y b r i d on 

Lineage 1- ES 302+305 may be end-moribers f o r li n t i a g e 2 but o f a 

lineage 1 h y b r i d c o r p o s i t i o n i e . ES301 has mixed w i t h a lineage 1 

h y b r i d . ES302+305 may be close t o the a c t u a l h y r i d c a r p o s i t i o n on 

lineage 1 but be s u f f i c i e n t l y d i f f e r e n t ( s l i g h t l y mixed w i t h 301) t o 

p l o t as an end-member can lineage 2 on sane p l o t s and as a lineage 1 

h y b r i d on others. The apparent convergence o f the trends on f i g u r e s 

4.5.5 and 4-5.7 also suggests t h a t the two trends are chemically 

r e l a t e d . 

L i q u i d heterogeneity can t h e r e f o r e be shown t o e x i s t w i t h i n the 1928 

lavas .rn terms o f v a r i a b l e i n c a i p a t i b l e element r a t i o s . TVo d i s t i n c t 

and p o s s i b l y i n t e r r e l a t e d mixing trends can be recognised. A dcminant 

tr e n d . Lineage 1, involves wost o f the sanples which c l u s t e r tcwards one 

end o f the tr e n d . The second mixing tr e n d , "lineage 2" appears t o have 

been created by the mixing o f a t h i r d end-meirtoer w i t h a h y b r i d on 

lineage 1. 

4.5.5 Superiitiposed Mixing and F r a c t i o n a t i o n Processes 

Ctoservations can be made f r a n the two-elenent v a r i a t i o n p l o t s i n 

f i g u r e s 4.5.9 t o 4.5.12 i n v o l v i n g t r a c e elements i n order t o i d e n t i f y 

the r e l a t i o n s h i p s between the mixing and f r a c t i o n a t i o n processes 

defined above. These p l o t s are K vs Ba, K vs Nb, Zr vs Nb and Zr vs K. 
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I n general, these p l o t s show a l a r g e amount o f s c a t t e r and the mixing 

lineages are not evident. There are no obvious l i n e a r trends i n the 

data, although the o v e r a l l spread o f the data (as on the MgO p l o t s ) are 

f r a c t i o n a t i o n - c o n s i s t e n t . 

VJith reference t o the i n c o n p a t i b l e r a t i o p l o t s ( f i g u r e s 4.5-4 t o 

4.5.6), i t i s u s e f u l t o i d e n t i f y , f r a n each lineage, those sanples 

which share the same l i q u i d oonpositions i e . those san^Jles which 

c o n s i s t e n t l y p l o t together on the mixing trends. These groupings are: 

lineage 1 

ES 167+311 

ES 118+312 

ES 308+117 

lineage 2 

ES 302+305 

ES 304+303 

I f tliese groups o f sanples, e^*'M Mo. tftxaz^^Jo^^f rt^J^, 

are now i d e n t i f i e d on the two-element p l o t s , the sanples o f each p a i r 

are w i d e l y separated. I f the p a i r s are l i n k e d w i t h t i e - l i n e s (dashed 

arrows on f i g u r e s 4.5.9-12), a s e r i e s o f small s u b p a r a l l e l trends 

energe, each apparently (consistent w i t h c r y s t a l f r a c t i o n a t i o n . The 

p l o t K20 vs Ba ( f i g u r e 4.5.10) shows t h i s e f f e c t p a r t i c u l a r l y w e l l and 

each o f the groupings l i s t e d above d e f i n e s m l l p a r a l l e l p o s i t i v e 

trends. I n a d d i t i o n , the modal phenocryst p l o t s ( f i g u r e 4.5.3) shew 
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the i n d i v i d u a l msribers o f each l i q u i d p a i r t o con t a i n d i f f e r e n t 

phenocryst p r o p o r t i o n s caused by c r y s t a l f r a c t i o n a t i o n processes. 

Figure 4.5.13 shows an i n c o n p a t i b l e element r a t i o (K/Rb) p l o t t e d 

against a c c n p a t i b l e r a t i o (K/Cr); such a p l o t w i l l show the e f f e c t s 

o f mixing by changes i n both o f the r a t i o s and the e f f e c t s o f 

f r a c t i o n a t i o n by changes i n the c a r p a t i b l e element r a t i o s only* Thus, 

f r a c t i o n a t e d and un f r a c t i o n a t e d l i q u i d s can be d i s t i n g u i s h e d . The 

horizontcLL spread o f sanples along the K/Cr ax i s show then t o have 

su f f e r e d post-mixing f r a c t i o n a t i o n . Sanpie ES 312 shows t h i s 

p a r t i c u l a r l y w e l l , t h i s sanple has the same i n c a i p a t i b l e elonent r a t i o s 

as ES118 v ^ c h i s r e l a t i v e l y u n f r a c t i o n a t e d . The v e r t i c a l spread o f 

the data i s shown t o be caused by mixing between a t l e a s t three 

end-monber magmas t o produce two mixing trends, lineage 1 (open 

squares) and lineage 2 (closed squares) on f i g u r e 4.5.13). A dashed 

l i n e i s drawn on t h i s p l o t between the t w end-monbers o f lineage 1 t o 

approximate the mixing l i n e , although t h i s may be d i s r u p t e d s l i g h t l y by 

tl i e f r a c t i o n a t i o n o f the end-members. Lineage 1 hybr i d s o f t e n l i e o f f 

t h i s l i n e due t o f r a c t i o n a t i o n . I t i s d i f f i c u l t t o e s t a b l i s h the 

p o s i t i o n o f lineage 2, a l l the san^Jles o f which may be f r a c t i o n a t e d . 

I n suntnary, the p e t r o l o g i c a l evidence presented shows the existence o f 

a convincing mixing trend w i t h i n these lavas i n v o l v i n g mixing between 

two end-member magmas which contrasted i n terms o f t h e i r i n c o r p a t i b l e 

element r a t i o s . A second mixing tre n d appears t o have o r i g i n a t e d by 

the mixing o f a t h i r d end-member magma w i t h a h y b r i d on the main mixing 

t r e n d . S n a i l degrees o f post-mixing c r y s t a l f r a c t i o n a t i o n are a l s o 

observed. 
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4.5-6 C o r r e l a t i o n Betwenn Lava C a i p o s i t i o n and Volcanology 

The IS28 lavas were erupted frcm a set o f en-echelon f i s s u r e s ( f i g u r e 

4-5.1) and i t i s poss i b l e t o determine the r e l a t i v e ages o f sore 

sanples erupted from d i f f e r e n t vents as a c t i v i t y migrated down the 

f i s s u r e system. 

sanple mixing f r a c t i o n a t i o n 

ES 117 EM-1 no 

Fissure 1 ES 312 H-1 yes 

2600m a - s . l . ES 118 H-1 no 

ES 311 H-1 s l i g h t l y 

ES 310 H-1 no 

Fissure 2 ES 309 HM-1 no 

1200m a.s-1-

(EM-l = end-member t o lineage 1; H-1 = h y b r i d on lineage 1) 

There appears t o be a strong r e l a t i o n s h i p between a g e / a l t i t u d e o f 

e r u p t i o n and mixing c c n p o s i t i o n o f the la v a . The e a r l i e s t lava 

sanpled, ES117, i s an end-member t o lineage ! and a l l subsequent 

samples on the higher f i s s u r e are hybr i d s on t h i s t r e n d . The e a r l i e s t 

sanple f r a n f i s s u r e 2 i s the other end-member on lineage 1 and younger 

saiT^jles taken from t l i e main flew f i e l d cannot be r e l a t i v e l y dated and 
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have ocnpositions r e l a t i n g t o both mixing t r e n d s . There i s no 

r e l a t i o n s h i p between a l t i t u d e o f e r u p t i o n and c r y s t a l f r a c t i o n a t i o n 

f r o n the evidence a v a i l a b l e . 
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Table 4.5.1 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1928 LAVAS 

major oxides, weight % 

ESI 17 ESI 18 ES301 ES302 ES303 ES304 ES305 

Si02 48-42 48.50 48.89 48-54 47.85 49-58 47-84 
A1203 17.29 17. 26 17.35 17.68 17.47 17.76 17. 29 
T i e 2 1.65 1.67 1.68 1.66 1.71 1.69 1.65 
Fe203 2.94 3.04 4.78 4.70 6-27 3.79 3-26 
FeO 7, 19 7. 16 5.78 5-72 4.65 6.67 6,82 
MgO 5.57 5.37 5-53 5.72 5.61 5-54 5.43 
CaO 10. 26 10.09 10. 17 10. 18 10.42 10. 16 10,05 
Na20 3.95 4.08 4.51 4.67 4. 22 4.61 4.67 
K20 1.67 1.72 1.63 1-72 1.65 1.71 1-69 
MnO 0- 18 0. 19 0- 19 0. 17 0. 19 0. 19 0. 18 
P205 0.57 0.58 0.58 0-61 0.52 0.59 0-57 
H20+ 0. 26 0. 26 0-28 0. 26 0.46 0. 26 0.32 
CO 2 0. 12 0. 16 0- 17 0. 15 0.21 0.06 0.20 

t o t a l 100.07 100.08 101.54 101.78 10 1.23 102.61 99.97 

t r a c e elements, ppm 

Sr 1223 1208 1248 1248 1259 1269 1235 
U 1 2 1 0 2 2 1 
Rb 36 37 37 37 36 38 36 
Y 28 28 29 27 28 28 28 
Th 10 8 10 10 10 9 9 
Pb 7 5 5 5 4 6 5 
Ga 22 22 22 22 23 22 22 
Zn 96 91 92 83 89 87 86 
Cu 134 120 128 124 121 132 124 
Cr 32 34 26 29 33 30 30 
Ni 23 22 22 22 23 21 21 
Co 55 53 42 44 48 43 42 
Nd 46 57 54 54 58 56 56 
Sm 8 10 6 12 8 13 8 
Ce 143 154 144 141 149 147 151 
Ba 724 731 766 767 756 782 754 
La 71 75 71 72 70 74 71 
Nb 64 63 63 60 61 62 59 
Zr 256 261 261 256 260 267 253 

volume % phenocrysts 

plag. 23.5 20.0 29. 1 28.9 28.0 28.6 30.5 
pyrox. 8. 1 8.9 7,3 9.4 8.4 8. 1 9,8 
o l i v . 1.8 2.3 3.4 1.7 2.7 1.8 3.3 
Ti-mag 0.9 1. 1 1.4 1. 1 1.3 0.9 2.0 
t o t a l v o l . % 
phenos 34.3 32-3 41.2 41.1 40.4 39.4 45.6 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 2) 
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Table 4.5.1 (continued) 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1928 LAVAS 

major oxides, weight % 

ES306 ES308 ES309 ES3 10 ES311 ES312 ES167 

Si02 47.64 47. 19 48.43 48.07 48.52 48.96 47.52 
A1203 17.09 17.02 17.26 17.46 17.52 17.55 16.39 
Ti02 1.66 1.66 1.67 1.65 1-65 1.66 1.72 
Fe203 5. 20 3. 10 3.57 3.91 3. 20 3.81 5. 26 
FeO 5. 26 7. 15 6.85 6.26 6-90 6.32 6. 18 
MgO 5.60 5.41 5.64 5-53 5.53 5.40 6.03 
CaO 10. 15 10.11 10. 26 10. 21 10.09 9.86 10.57 
Na20 4.54 3.96 3.67 4.22 4.61 4. 27 4.41 
K20 1.67 1-66 1.68 1.68 1.71 1.78 1.66 
MnO 0. 18 0. 19 0. 19 0. 18 0. 18 0. 18 0.21 
P205 0.58 0.56 0.57 0.57 0.59 0.59 0.52 
H20+ 0. 27 0. 26 0. 25 0. 28 0.34 0. 29 0. 26 
CO 2 0. 18 0. 12 0. 10 0. 12 0. 17 0. 18 0. 15 

t o t a l 100.02 98.39 100. 14 100. 14 101.01 100.85 100.88 

t r a c e elements, ppm 

Sr 1210 1211 123 2 1216 1234 1252 1222 
U 2 1 1 0 2 2 1 
Rb 36 36 39 36 37 38 36 
y 27 28 27 27 28 29 28 
Th 90 9 90 90 70 10 9 
Pb 7 5 5 4 5 9 4 
Ga 23 22 22 23 23 23 22 
Zn 86 94 95 92 90 91 89 
Cu 125 126 115 123 125 124 128 
Cr 30 31 • 37 30 31 25 34 
Ni 21 20 26 24 22 19 25 
Co 41 43 53 43 43 44 52 
Nd 49 51 55 47 54 54 48 
Sm 9 9 12 7 12 12 11 
Ce 142 149 137 152 152 149 134 
Ba 730 712 700 708 747 754 721 
La 70 71 64 72 73 75 70 
Nb 60 63 56 60 62 66 60 
Zr 250 255 248 255 259 267 254 

volume % phenocrysts 

p l a g . 24.4 28. 1 27.4 17.0 28.4 26. 2 38.0 
pyrox. 13.8 10.0 12.8 12.5 6.6 2.8 1 1.0 
o l i v . 2. 1 2.0 3.4 2.0 1.8 0.4 2.5 
Ti-mag. 1.7 1.0 2.2 0.5 0.6 0.2 0.8 
t o t a l v o l .% 
phenos. 44.9 41. 1 45.8 32.0 37.4 29.6 52.3 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 2) 
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4.6 The 1947 Lavas 

4.6-1 The Eruption 

This was a r e l a t i v e l y short-lived eruption (16 days) which began on 

February 24th. A fissure system opened on the ME r i f t between 3050m 

and 2200m a.s.l. from the base of the NE crater on which were sited a 

nuntoer of effusive boccas at 3050m, 2350m, 2275m and 2225m a.s.l. 

(Chester et. a l . 1985). The main flow frcm the lowenrost bocca 

extended for 6km down the northern flank t o 900m a.s.l. with an 

estimated volume of 10.5xl0"6m"3 (Konano and Sturiale, 1982). 

4.6.2 Whole-Rock Chenistry 

A rap of the 1947 lava flows indicating sanpling locations i s shown i n 

figure 4.6.1 and the analytical data r e l a t i n g to these sanples are 

presented i n table 4.6.1 together with modal phenocryst data. 

MgO va r i a t i o n plots for the 1947 lavas i n figure 4.6.2 display l i t t l e 

whole-rock variation i n coi^aarison t o the older lava f i e l d s of 1910, 

1911 and 1923- Efcwever, the s r a l l , s i g n i f i c a n t v a r i a t i o n that i s 

present i s of a similar nature to that observed on MgO variation plots 

for the e a r l i e r lava flows studied. 

Most of tlie data show very l i t t l e v a riation i n respect to MgO content, 

being r e s t r i c t e d to the range 4.9 to 5.2 weight percent, v*iich i s 

a n a l y t i c a l l y i n s i g n i f i c a n t . Sanple ES50, however, l i e s away frcm t h i s 
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cluster having a s i g n i f i c a n t l y higher MgO value of 5-5 wt%. Sane irejor 

oxide plots i n figure 4.6.2 display l i m i t e d , coherent variation 

(although much of t h i s variation i s w i t h i n the error l i n a t s ) vstiich i s 

fractionation-consistent involving ES50 as an extreme end-nember t o 

produce a n a l y t i c a l l y s i g n i f i c a n t trends. Ihe following observations 

are made fran the MgO plots : 

MgO vs Si02 47.6-49.2 wt. % 

K20 1.69-1.87 wt. % 

These plots exhibit a small, 

systanatic decrease as MgO increases 

resulting i n negative correlations 

which are fractionation consistent. 

MgO vs CaO 9.8-10.6 wt. % Small variations producing po s i t i v e 

correlations, again consistent with 

c r y s t a l fractionation. 

MgO vs A1203 17.2-18.0 wt. % 

Na20 3.7-4.2 wt. % 

Ti02 1.66-1.74 wt. % 

Fe203 10.7-11.5 wt. % 

No observable trends 

Such var i a t i o n i s similar to that observed i n the e a r l i e r lava f i e l d s 

studied, although here i t i s on a smaller scale, and i s consistent with 

c r y s t a l fractionation. 

Similarly, when the trace elements are plotted against MgO, although 

most of the data cluster, weak trends also consistent with c r y s t a l 
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fractionation can be ctoserved vstiich are a i r p l i f i e d by the s o l i t a r y ES50 

The following cA)servations can be nade fran the trace eleanent p l o t s : 

MgO vs Ni 13-19 ppn Weak variations shewing positive 

Cr 16-32 correlation with MgO. 

MgO vs Rb 36-41 ppm The majority of saitples cluster 

Ba 726-790 ppn together but with ES50 define 

62-72 ppn negative trends as vould be expected 

Zr 254-281 ppm for inccnpatible elements during 

c r y s t a l fractionation. 

vs Sr 1206-1304 ppn No obvious trends and i n s i g n i f i c a n t 

La 75-80 FPm varia t i o n i n La, Nd, and Sm. 

Nd 54-60 ppn 

Ce 149-164 ppm 

Cu 127-136 Fpn 

GO 40-57 ppm 

4.6. 3 Petrography 

The t o t a l pihenocryst-MgO p l o t i n figure 4.6.3 shows a variation i n 

t o t a l phenocryst content between 27 and 43 volume percent. Hcwever, 

there i s no s i g n i f i c a n t variation w i t h i n the nain cluster of sanples 

which average 40 volume percent phenocrysts. ES50, on the other hand, 

has a much higher MgO value with a corresponding decrease i n t o t a l 

phenocryst content to 27 volume percent. The cause of t h i s v a r i a t i o n 

could be cry s t a l fractionation although cl e a r l y to achieve an increase 
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i n with a decrease i n t o t a l phenocryst abundance, neither 

clinopyroxene or o l i v i n e can play a major ro l e . The p l o t plagioclase 

vs MgO i n figure 4.6.3 shows a marked decrease i n plagioclase abundance 

between the main cluster and ES50 fran 25/30-16 v o l . %. This phase 

therefore appears to be involved strongly i n c r y s t a l fractionation and 

the abundance of plagioclase i n saitples w i t h i n the main cluster may 

d i l u t e the MgO content of the magma. The plots of pyroxene and o l i v i n e 

vs MgO further support the argument that these phases are not involved 

i n c r y s t a l fractionation t o a great extent. The increase i n MgO i n 

ES50 i s not accaipanied by a change i n abundance of bearing 

phenocrysts and i s caused by a lower abundance of plagioclase. The 

plagioclase vs Sr p l o t , though showing rather scattered strontium 

values, shows the depletion of plagioclase i n sanple ES50 reflected by 

a generally Icwer strontium value. 

Thus, the limited variation i n chemistry and phenocryst proportions 

w i t h i n the 1947 lavas could be explained by small degrees of cr y s t a l 

fractionation dcminated by plagioclase. 

4.6.4 Trace Elonent Modelling 

Figures 4.6.4 to 4.6.7 exhibi t a s i g n i f i c a n t variation within the 1947 

lava f i e l d i n terms of inccn^jatible element r a t i o s . These variations 

define mixing-consistent trends of a similar nature t o those observed 

i n a l l of the e a r l i e r lavas studied. 

Variations i n K/Rb, Nd/Rb, Zr/Rb, Ba/Rb and K/Zr rat i o s consistently 
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define mixing trends on these plo t s . Tw converging trends are 

observed i n figures 4.6.4 t o 4.6.7, defined by open and f i l l e d square 

syrrbols. The mixing l i n e defined by f i l l e d squares has end-manbers ES 

46 and 363/50 and hybrids ES 364, 71 and 45. The second trend (open 

squares) has the praninent end-member, ES365 and the other endHneariber 

l i e s close to the convergence of the t w trends and seems to be 

represented by sanples ES366/399. The convergence of the two mixing 

lines suggests a ccmron end-member t o both, which has mixed with t w 

d i f f e r e n t rtagmas, ES 365 and 46. 

4.6.5 SuperijTposed Mixing and Fractionation Processes 

Limited fractionation trends are recognised w i t h i n t h i s sanple suite on 

the va r i a t i o n plots and from the modal phenocryst data. The 

i m j o r i t y of the san^^les, though, share a similar conposition and tend 

to cluster together. An exception i s ES50 which strongly contrasts 

frcm the other sanples as a result of probable fractionation, 

representing a cumulate, more basic ccmposition. 

Evidence for post-mixing fractionation can be i l l u s t r a t e d on the two 

element plots i n figures 4.6.8-4.6.12 (the symbols are the same as 

those used i n figures 4.6.4-7 to distinguish the two sair^ile groups) 

using the pair of sanples ES50 and ES363 which p l o t at the end of one 

of the mixing trends and have the same incoirpatible element r a t i o s . On 

the two-elenent p l o t s , ES50 i s separated fran ES363 along a 

fractionation-consistent trend (shown by the arrows). In stpport of 

t h i s evidence, the difference of ES50 fran the main sarrple cluster 
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containing ES363 i n terms of whole-rock chemistry and petrography was 

discussed e a r l i e r and established to be caused by fractionation. 

Because fractionation has had li m i t e d e f f e c t on the majority of 

sanples w i t h i n t h i s suite, mixing trends should be apparent on two 

element plot s . Most of the sairples cn such plots, hcwever, f a l l w i t h i n 

a main cluster showing a small degree of scatter. More s i g n i f i c a n t 

scattering of the data on the K vs P205 and Cr vs Ba plots (figures 

4.6.11 and 4.6.12) could be caused by mixed, heterogeneous magma 

overprinted by very li m i t e d c r y s t a l factionation. The dashed lines i n 

figures 4.6.10-4.6-12, however, appear to reseirtole a mixing l i n e 

recognised on the incorpatible element r a t i o plots and the deviation of 

seme saii?5les fran the trends could be a t t r i b u t e d to t h i s fractionation 

(shown by arrows). 

The effects of fractionation on the mixing lineages i s i l l u s t r a t e d i n 

figure 4.6.13, K/E?b vs K/Cr. The sub-vertical mixing trends of both 

lineages are represented by the sub-vertical dashed lines and the 

horizontal deviation o f f these lineages of sane sanpies, noteably ES50 

as a cumulate cor^osition, but also the scatter of many saiiples 

(although t h i s ray also be caused by an a l y t i c a l iirprecision) indicates 

a s r a l l degree of post-mixing fra c t i o n a t i o n . 

l b summarise, variations i n incai?)atible element ra t i o s i n the 1947 

lavas define mixing-consistent trends involving at least three 

end-member ragras. In general, the effects i f t h i s mixing are not 

overprinted by l a t e r c r y s t a l fractionation (with the exception of a few 

sanples). 
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4.6.6 Correlation Between Lava Ccnposition and Volcanology 

TVo sairples have been collected from the higher a l t i t u d e eruptive 

fissure section (figure 4.6.1) at 2320m a.s.l. which were erupted 

before those collected fron the main flow f i e l d which originated at 

lower a l t i t u d e . These early lavas, sanples ES 77 and 71, are hybrids 

fran both mixing trends and there appears to be no apparent 

relationship between lava diemistry and a l t i t u d e of eruption. 
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Table 4.6. 1 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1947 LAVAS 

major oxides, weight % 

ES 45 ES 46 ES 50 ES 71 ES 77 ES363 ES364 

Si02 47.91 47.92 47.61 48.75 49. 17 48.49 48.76 
A1203 17.62 17.58 17.38 17. 25 17.31 17.71 17.97 
T i e 2 1.74 1.71 1.73 1.71 1.70 1.68 1.69 
Fe203 4. 26 3.37 4. 15 4. 1 1 3.96 4. 17 3.85 
FeO 6.44 7. 12 6.60 6.48 6.68 6. 10 6.29 
MgO 5.00 5.08 5.55 4.97 4.89 5. 14 5.02 
CaO 10.46 10.39 10.59 9.81 9.93 9.90 10.01 
Na20 4.07 3.78 3.94 4. 14 3.95 4. 23 4. 12 
K20 1.79 1.79 1.69 1.81 1.87 1.83 1.85 
MnO 0.21 0. 20 0. 19 0.21 0. 20 0. 19 0. 18 
P205 0.55 0.54 0.56 0.59 0.60 0.63 0.63 
H20+ 0.32 0. 28 0.30 0.31 0.33 0. 26 0.30 
CO 2 0. 10 0. 16 0. 11 0.21 0. 17 0.11 0. 18 

t o t a l 100.47 99.92 100.40 100.35 100.76 100.44 100.85 

t r a c e elements, ppm 

Sr 1294 1279 1266 1233 1206 1282 1284 
U 2 3 0 2 2 3 2 
Rb 39 41 36 40 40 39 40 
Y 28 30 27 29 29 29 29 
Th 12 1 1 9 1 1 11 11 10 
Pb 5 5 4 7 6 6 8 
Ga 22 23 23 22 23 23 22 
Zn 97 106 102 93 100 95 96 
Cu 133 136 132 127 124 131 128 
Cr 24 24 32 21 16 19 21 
Ni 19 19 19 15 13 18 17 
Co 50 53 57 48 51 41 42 
Nd 56 55 54 56 58 58 55 
Sm 12 9 11 13 15 8 9 
Ce 162 164 153 149 156 164 162 
Ba 786 783 726 782 778 784 789 
La 76 77 75 80 75 79 79 
Nb 71 71 62 72 72 71 72 
Zr 273 281 254 278 274 274 277 

volume % phenocrysts 

plag 23.8 26.3 16.5 26.8 27. 2 28.6 30.7 
pyrox 9.8 6.7 8.4 5.6 6.2 7. 1 8.0 
o l i v 2.5 2.8 1.5 0.8 1.4 1.4 1.7 
Ti-mag 0.8 2. 1 1.0 1.3 1.0 0.9 1.2 
t o t a l v o l . % 
phenos 36.9 37.9 27.4 34.5 35.8 38.0 41.6 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 2) 
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Table 4.6.1 (continued) 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1947 LAVAS 

major oxides, weight % 

ES365 ES366 ES399 

S i 0 2 48.53 48.77 48.67 
A1203 18.01 17.64 17.75 
T i 0 2 1.66 1.70 1.69 
Fe203 4. 15 3.50 3.07 
FeO 5.87 6.76 7.11 
MgO 4.93 4.92 5.01 
CaO 9.95 10.00 9.94 
Na20 3.87 4.08 3.76 
K20 1.82 1.85 1.85 
MnO 0. 19 0. 19 0. 19 
P205 0.63 0.63 0.63 
H20+ 0. 17 0.32 0.30 
CO 2 0. 14 0. 16 0. 15 

t o t a l 99.92 100.52 100. 12 

t r a c e elements, ppm 

Sr 1304 1281 1276 
U 2 1 0 
Rb 41 39 40 
Y 28 30 28 
Th 11 11 9 
Pb 5 5 5 
Ga 23 22 23 
Zn 85 98 98 
Cu 132 132 130 
Cr 16 24 18 
Ni 13 15 15 
Co 40 47 40 
Nd 56 60 60 
Sm 10 11 8 
Ce 156 155 157 
Ba 752 784 778 
La 72 75 79 
Nb 69 69 72 
Zr 272 272 275 

volume % phenocrysts 

p l a g . 24.6 28.6 28. 1 
pyrox. 6.0 9.5 9.6 
o l i v . 1.5 2.0 3.2 
Ti-tnag 1.4 0.8 1.6 
t o t a l v o l . % 
phenos 33.5 40.9 42.5 

(FeO, H20+, C02 determined using the 
methods described i n chapter 2) 
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4.7 Hie 1964 Lavas 

4.7.1 The Eruption 

An i n i t i a l phase of a c t i v i t y associated with the 1964 erv^Jtive event 

began i n the Central Crater on 1st February followed by a f i s s u r e 

system which opened cn the east flank of the sunmit cone and extended 

from 3175 to 2900m a . s . l . Lava from the lowest bocca on th i s f i s s u r e 

flowed into the Valle del Bove. This a c t i v i t y ended towards the Q-id of 

February, 1964 and was succeeded by violent strotibolian a c t i v i t y i n the 

Central Crater which b u i l t vp a new cone termed the "1964 Crater". 

Lavas overflowed fran t h i s sub-terminal crater mainly to the west and 

a c t i v i t y continued u n t i l 5/6th July (Chester et. a l . 1985). 

4.7.2 Whole-Rock Chemistry 

Figure 4.7.1 shows saiT^>ling l o c a l i t i e s on the 1964 flew f i e l d which i s 

now covered by recent lava flows. 

Geochemical data for the 1964 san^les in table 4.7.1 show tliat these 

lavas cure generally hcnogeneous. There i s l i t t l e s i g n i f i c a n t v a r i a t i o n 

i n the sanple suite which i s a n a l y t i c a l l y s i g n i f i c a n t on the îgO 

variation diagrams i n figure 4.7.2; the data generally c l u s t e r together 

on most of the plots. MgO values vary between 5.5 and 5.65 weight 

percent within the error bars but sane elenents do show small, 

s i g n i f i c a n t variation, p a r t i c u l a r l y Si02, A1203, Na20, Zn, CXi, Zr and 

Ba i n the form of scatter. 
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4.7.3 Petrography 

The I^^O-E^enocryst proportion plots i n figure 4.7.3 show very small 

amounts of variation i n the modal abundances of the phenocryst phases 

(table 4.7.2). Total pihenocryst abundances within the 1964 lavas range 

between 31 and 42 volume percent and small fluctuations in the 

abundances of plagioclase, pyroxene and o l i v i n e are observed. These 

variations are: 

plagioclase 18-4-25.0 vol. % 

pyroxene 8.1-11.5 vol. % 

o l i v i n e 1.5-3.3 vol. % 

Ti-nagnetite 1.3-1.7 vol. % 

4.7.4 Trace Element Modelling 

Incorqpatible element r a t i o plots in figures 4.7.4 to 4.7.8 show there 

to be a s i g n i f i c a n t ccnpositional variation in the 1964 flow f i e l d 

which i s consistent with mixing. 

Figures 4.7.4 to 4.7.6 are r a t i o diagrams without coimon denominators 

which plot K/Nb, Nb/Rb and Zr/Rb against K/Zr respectively. Each of 

these plots shows t w d i s t i n c t , curved mixing-consistent trends, 

i d e n t i f i e d with open squares - ES 9, 3 and 10; and closed squares - ES 

8, 12, 11 and 2. The trends generally l i e outside the error bars frcsn 
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one another and the sanples on each trend always f a l l i n the same 

r e l a t i v e positions on each of the plots, otphasising t h e i r r e a l i t y . 

The trends always converge at sanples ESS and ES9 indicating that the 

mixing l i n e s share a canTon end-member of ccnposition K/2r > 58. Thus, 

the mixing pattern recognised on these plots suggests the mixing of 

three end-member magmas, ES 10, 2 and 8/9, to create the two converging 

trends. 

Figure 4.7.7 i s a similar plot, Nd/K vs Zr/Ba, on which the two trends 

can be l e s s c l e a r l y , but reasonably distinguished within the large 

error bars associated with the Nd/K r a t i o . The conrron denordnator plot 

of K/Fto against Zr/FEb (figure 4.7-8) shows s i g n i f i c a n t variation i n the 

K/Rb r a t i o and a possible l i n e a r trend, however, the two mixing 

lineages cannot be recognised and shew si m i l a r Zr/Rb r a t i o s . 

4.7.5 Superimposed Mixing and Fractionation Processes 

Cr y s t a l fractionation processes are shown to have a very minimal 

influence upon the 1964 lavas and, because of t h i s , the mixing trends 

indentified on the incorpatible r a t i o plots (figiires 4.7.4-8) should 

not be disrupted on two-element plots involving the same elements as 

used in the r a t i o s . 

I, 

Zr vs K (figure 4.7.9) exhibits the double converging mixing trends 

p a r t i c u l a r l y well with sanples retaining the same r e l a t i v e positions on 

the trends as observed on the r a t i o plots (the symbols used on t h i s 

plot are the same as those used on the r a t i o p l o t s ) . The Zr vs Nb plot 
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i n figure 4.7.10, however, shows l i t t l e variation within or between 

trends i n Nb but defines the general o v e r a l l mixing-consistent 

variation. 

To suimiarize, the 1964 lavas appear to show small amounts of 

s i g n i f i c a n t variation both i n whole rock chemistry and petrography. 

Crystal fractionation has a very limited e f f e c t whilst considerable 

variation i n terms of incarpatible elenents, both on r a t i o and two 

element plots show the effects of mixing. A double, converging mixing 

trend i s present on most plots indicating mixing between three 

end-menibers. 
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Table 4.7.1 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1964 LAVAS 

major oxides, weight % 

ES 2 ES 3 ES 8 ES 9 ES 10 ES 11 ES 12 

Si 0 2 47.56 48.83 48. 18 48.49 47.62 48.06 48. 11 
A1203 17.54 17.67 17.66 17.33 17. 19 17. 15 17.32 
Ti02 1.72 1.71 1.71 1.67 1.73 1.72 1.69 
Fe203 3.82 3.70 3.89 3. 16 4.90 3.63 3.72 
FeO 6.73 6.76 6.69 7. 12 5.99 6.95 6.62 
MgO 5.49 5.58 5.64 5.61 5.55 5.59 5.60 
CaO 10.46 10.39 10.43 10.47 10.55 10.45 10.41 
Na20 3.75 3. 29 3.55 3. 29 3.61 3.51 3.39 
K20 1.76 1.74 1.79 1.77 1.73 1.76 1.78 
MnO 0. 17 0. 19 0, 18 0. 19 0. 19 0. 19 0. 19 
P205 0.54 0.58 0.55 0.57 0.51 0.58 0.58 
H20+ 0.21 0.28 0.32 0. 19 0.33 0. 25 0. 29 
CO 2 0.11 0. 20 0. 19 0. 20 0. 17 0.24 0. 14 

t o t a l 99.86 100.92 100.78 100.06 100.07 100.08 99.84 

t r a c e elements. ppm 

Sr 1267 1295 1273 1277 1288 1292 1274 
U 2 2 1 2 1 1 2 
Rb 39 39 38 38 39 39 38 
Y 28 28 27 27 29 28 27 
Th 10 10 10 10 10 11 10 
Pb 7 5 6 6 6 6 5 
Ga 22 22 23 22 22 22 21 
Zn 102 94 94 91 93 88 89 
Cu 94 112 130 125 132 138 132 
Cr 30 26 25 26 25 25 26 
Ni 21 19 18 17 17 18 16 
Co 59 43 48 46 41 42 44 
Nd 55 50 51 53 49 49 48 
Sm 12 11 8 8 9 9 6 
Ce 145 123 140 142 136 138 139 
Ba 729 694 715 686 715 704 689 
La 69 64 65 65 67 67 '69 
Nb 63 64 63 63 64 63 63 
Zr 261 259 256 255 261 259 258 

volume % phenocrysts 

p l a g . 18.4 19.6 24.4 24.3 25.0 25.0 20.0 
pyrox. 9.8 9.8 10.0 11.4 8. 1 11.5 1 1.8 
o l i v . 1.8 2.5 2.0 2. 1 1.5 3.3 3.0 
Ti-mag. 1.5 1.7 1.3 1.6 1.5 1.7 1.6 
t o t a l v o l -% 
phenos. 31.5 37.7 35.8 39.4 36. 1 41.5 36.4 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 2) 
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Figure 4.7.2 
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Ihe 1971 Lavas 

4.8.1 The Eruption 

The n a j o r en^Jtion o f 1971 on the southern r i f t zone was rr a i n l y 

e f f u s i v e and lava flows associated w i t h t h i s a c t i v i t y are shown i n the 

map i n f i g u r e 4.8.1 together w i t h sanpling l o c a l i t i e s . The e r u p t i v e 

event has been d i v i d e d i n t o two d i s t i n c t phases (Walker, 1973): 

1. Subterminal i n i t i a l phase. A c t i v i t y began on A p r i l 5 when a 

ser i e s o f s u b - p a r a l l e l f i s s u r e s opened h i g h on the mountain on the 

southern side o f the sunniit cone a t 3000m. Two main cones developed on 

these f i s s u r e s termed the Vulcarolo and Ctoservatory vents ( f i g u r e 

4.8-1). E f f u s i v e a c t i v i t y frcan the eastemnost Vulcarolo vent l a s t e d 

11 days and most o f the lava flowed i n t o the V a l l e d e l Bove. Lava was 

em^itted f r a n the Observatory vent over 32 days and flowed southwards 

des t r o y i n g the volcano observatory ( A p r i l 12) and p a r t o f the cable car 

(EXinivia d e i l e Etna). This flow became s t a t i o n a r y on May 1 a t 2150m 

a . s . l . near t o the R i f u g i o Sapienza ( f i g u r e 4.8.1). A c t i v i t y frcm 

these vents c ^ s e d cn May 7. 

On. May 4, s h o r t east-west t r e n d i n g f i s s u r e s opened f u r t h e r t o the east 

a t the f o o t o f the sunmit cone. Lava f r a n them poured out frcm a vent 

termed the "Eastern Vent" over 3 days i n t o the V a l l e d e l Bove. 

Together w i t h the western vents, a c t i v i t y ceased on 6 May i n t h i s area. 

2. Second Phase. On 1 May an east-northeast t r e n d i n g f i s s u r e system 

opened along the back (western) w a l l o f the V a l l e d e l Bove i n l i n e w i t h 
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the 1928 f i s s u r e , anall effusive boccas developed at points 

successively down the fissure at 2680, 2580, 2540 and 2300m a . s . l . 

This a c t i v i t y was e n t i r e l y effusive, creating a i t i l l lava streams down 

the v a l l e y walls. A c t i v i t y ended in t h i s area on 17 May. Hcvrever, on 

11/12 May another f i s s u r e opened on the same trend on the outer north 

wall of the Valle del Bove (1840-180an a . s . l . ) - Again, a c t i v i t y was 

e n t i r e l y effusive and lava flowed into the Cave Grande valley, narrcwly 

missing the v i l l a g e s of Fomazzo and Sant'Alfio and caning to a r e s t on 

12 June. 

This najor e n ^ i o n provided volcanologists with an unrivalled 

opportunity for intensive s c i e n t i f i c study of the eruptive a c t i v i t y . 

Sanples extracted from the active flows and from the effusive boccas 

were studied geochenically and petrologically by Downes (1973), Ranano 

and S t u r i a l e (1973) and l ^ g u y (1973). 

Small degrees of c r y s t a l fractionation are recorded by Ranano and 

S t u r i a l e (1973) frcm sanples collected tliroughout the entire eruption 

period. Major elercnt analysis and petrological studies revealed 

pyroxene and o l i v i n e to s l i g h t l y decrease and playioclase to increase 

as the eruption proceeded. Tanguy (1973) records no s i g n i f i c a n t major 

element variation at a l l within the flow. Downes (1973) also shows no 

variation i n major eianent chonistryji minimal post-eruptive 

v o l a t i l i z a t i o n e f f e c t s . 
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4.8.2 ^^le-Rock Chemistry 

\Vhole-rock chemical data f o r the 1971 lavas i n t a b l e 4.8.1 shcv/ small 
of 

amounts v a r i a t i o n when they are displayed on the MgO v a r i a t i o n diagrams 

i n f i g u r e 4.8.2. The data g e n e r a l l y show no c l e a r l i n e a r v a r i a t i o n b ut 

most o f the p l o t s shcM a n a l y t i c a l l y s i g n i f i c a n t s c a t t e r . Hcwever, 

tr a c e elements sudi as Ni, Cr, Nd, Ce, an, and La show no r e a l 

v a r i a t i o n a t a l l . Sane o f the p l o t s which do show r e a l v a r i a t i o n , 

though r a t h e r s c a t t e r e d , o f t e n r e v e a l an o v e r a l l spread i n the data 

along trends c o n s i s t e n t w i t h small degrees o f c r y s t a l f r a c t i o n a t i o n . 

Such p l o t s i n v o l v e A1203 (16.6-17.4 wt. %) K20 (1.65-1.85 wt. % ) , and 

Fe203 (11.1-11.8 wt. % ) . 

S i m i l a r l y , s i g n i f i c a n t v a r i a t i o n i n sane o f the tr a c e elements i s 

r a t h e r s cattered i n f i g u r e 4.8.2 but o v e r a l l negative spreads i n the 

data, c o n s i s t e n t w i t h f r a c t i o n a t i o n , can be recognised i n p l o t s 

i n v o l v i n g Rb (35-43 ppn), Zr (238-260 ppm), and Sr (1190-1289 ppm).. 

Whole-rock chemistry t h e r e f o r e shews s i g n i f i c a n t v a r i a t i o n w i t h i n the 

1971 sanpie s u i t e but there i s no c l e a r , coherent behaviour t o t h i s 

v a r i a t i o n on the v a r i a t i o n diagrams which are very s c a t t e r e d . Much 

o f t h i s s c a t t e r can be a t t r i b u t e d t o a n a l y t i c a l i i r p r e c i s i o n a l t l i o u g h 

there i s al s o r e a l v a r i a t i o n i n the data. The o v e r a l l spread o f the 

data on sane o f the p l o t s i s c r y s t a l - f r a c t i o n a t i o n c o n s i s t e n t . 
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4.8-3 Petrography 

Modal phenocryst data ( t a b l e 4-8.2) shows there t o be considerable 

v a r i a t i o n w i t h i n the 1971 lavas i n respect t o t o t a l phenocryst content 

which ranges between 25 and 43 volume percent. Figure 4.8.3 shows a 

la r g e , general p o s i t i v e s c a t t e r when t o t a l phenocryst content i s 

p l o t t e d against MgO. Figures 4-8.4 t o 4.8.6 show the volume percents o f 

pyroxene, o l i v i n e and p l a g i o c l a s e p l o t t e d against MgO. Plagioclase 

shows an o v e r a l l negative t r e n d decreasing i n abundance w i t h i n c r e a s i n g 

MgO f r a n 27-13 v o l . % i n agreement w i t h the general negative 

c o r r e l a t i o n o f Sr and MgO on f i g u r e 4-8.2. Cn the other hand, both 

pyroxene and o l i v i n e increase w i t h corresponding increase i n MgO (7-15 

and 1-5-5 v o l . % r e s p e c t i v e l y ) . Therefore, small variation^pyroxene, 

o l i v i n e and p l a g i o c l a s e content i s evident and could be a t t r i b u t e d t o 

c r y s t a l s e t t l i n g processes which could be responsible f o r seme o f the 

v a r i a t i o n observed i n the whole-rock chemistry. I n a d d i t i o n , pyroxene 

and chrOTiium apparently show no l i n e a r r e l a t i o n s h i p on f i g u r e 4.8.7 

shc^sdng a l o t o f i n s i g n i f i c a n t s c a t t e r , but the p l a g i o c l a s e vs s t r o n t i u m 

p l o t ( f i g i i r e 4.8-8) shows an o v e r a l l p o s i t i v e t r e n d . 

4.8.4 Trace Element Modelling 

I n c a n p a t i b l e t r a c e element p l o t s i n f i g u r e s 4.8-9 t o 4.8.13 show 

mixing-consistent v a r i a t i o n w i t h i n the 1971 lavas-

F i r s t l y , the K/Rb vs Zr/Rb p l o t ( f i g u r e 4.8.9) i l l u s t r a t e s a d i s t i n c t l y 

l i n e a r mixing l i n e (closed squares) between end-mamber sanples ES 18 
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and 14 w i t h a c l u s t e r o f h y b r i d s f a l l i n g near t o the ES18 end-member. 

This tr e n d shews a h i g h l y v a r i a b l e Zr/Rb r a t i o (5.6-7.2) and a v a r i a b l e 

K/F(b r a t i o (3.4-3.9). A small, but not^able, second t r e n d i s a l s o 

present on t h i s diagram (open squares) which branches f r a n the main 

tren d w i t h an end-member approximating ES17. This second trend i s cxily 

very s l i g h t l y d i f f e r e n t f r a n the main t r e n d and l i e s w i t h i n the 

a n a l y t i c a l p r e c i s i o n l i m i t s o f the main mixing l i n e . Hcwever, t l i e 

evidence which f o l l o w s demonstrates the sanples belonging t o t h i s minor 

t r e n d are c o n s i s t e n t l y d i s t i n c t from the main mixing t r e n d . San?>ies 

ES 35 and 53 (represented by closed t r i a n g l e s ) are not associated w i t h 

e i t h e r t r e n d and could be f u r t h e r evidence f o r a more aonqplex mixing 

p a t t e r n . 

Figures 4.8.10, 4.8.11 and 4.8.12; Nb/E^D, K/Nb and Ba/Pb vs K/Zr 

r e s p e c t i v e l y , shew good c o n s i s t e n t evidence f o r the main mixing l i n e 

(closed squares) w i t h the end-members ES 14 and 18. This mixing 

lineage i n d i c a t e s a v a r i a t i o n i n a l l o f the inccmpatible r a t i o s ; K/Zr 

55-60.6, Ba/Rb 15.5-20.5, K/Nb 2.2-2.7 and Nb/FEb 1.3-1.8. The open 

squares on these p l o t s are the sanples which were seen t o belong t o the 

minor mixing tr e n d on. f i g u r e 4.8.9 but which form a d i s t i n c t c l u s t e r 

separate f r a n the n a i n ndxing l i n e and shewing no v a r i a t i o n i n terms o f 

any o f the r a t i o s . Again sanples ES53 and 35 cannot be a t t r i b u t e d t o 

e i t h e r mixing grou^J. 

The remaining incor^satible element r a t i o p l o t , f i g u r e 4.8.13, shews no 

d i s t i n c t i o n between the two mixing groups and a l s o sho^much s c a t t e r o f 

the Nd/Rb r a t i o . The Zr/FEb r a t i o shows a large v a r i a t i o n between the 

two end-members, ES 14 and 18, on the main mixing l i n e (5.6-7.2). The 
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remaining sanples f a l l between these end-mesrtoers and are rather 

s c a t t e r e d because o f the h i g h a n a l y t i c a l e r r o r associated w i t h the 

Nd/Rb r a t i o . 

The minor mixing t r e n d can t h e r e f o r e be recognised on f i g u r e s 4.8.9-12 

showing very l i t t l e v a r i a t i o n b ut c o n s i s t e n t l y d i s t i n c t f r a n the main 

mixing t r e n d . Fran f i g u r e 4-8.9, i t can be argued t h a t a h y b r i d 

belonging t o the main mixing t r e n d mixed w i t h another magma which was 

very s i m i l a r i n c a r p D s i t i o n t o i t s e l f , d i f f e r i n g very s l i g h t l y i n terms 

o f i n c o i ^ j a t i b l e r a t i o s , t o produce the small d e v i a t i o n f r o n the main 

t r e n d . 

4.8.5 S i ^ r i n p o s e d Mixing and F r a c t i o n a t i o n Processes 

The MgO v a r i a t i o n diagrams ( f i g u r e 4.8.2) and petrograpihic data provide 

evidence f o r small anounts o f c r y s t a l f r a c t i o n a t i o n anong g e n e r a l l y 

s c a t t e r e d data. The r e l a t i o n s h i p between t h i s process and the mixing 

i d e n t i f i e d above i s now i n v e s t i g a t e d by the use o f two-element p l o t s 

using i n c a i p a t i b l e elenents. Such p l o t s are shown i n f i g u r e s 4.8.14-17 

which e x h i b i t g e n e r a l l y p o s i t i v e trends, a l s o s i g n i f i c a n t l y s c a t t e r e d 

but o v e r a l l c o n s i s t e n t w i t h the f r a c t i o n a t i o n i d e n t i f i e d e a r l i e r . 

Sanples belonging t o the n a i n t r e n d are shown by closed squares, and 

those f r a n the s u b s i d i a r y t r e n d are p l o t t e d using open squares. ES53, 

which l i e s away f r a n the other data, i s i d e n t i f i e d w i t h a t r i a n g l e on 

these p l o t s and ES35 p l o t s w i t h the main c l u s t e r o f data. 
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The approach f o r the preceeding eruptions has been t o i d e n t i f y groups 

o f hybrids w i t h the same i n c o i ^ j a t i b l e element r a t i o s and t o p l o t then 

on these tw-element p l o t s t o i d e n t i f y whether the msnbers o f 

the group o f the same h y b r i d coi^xDsition have been f r a c t i o n a t e d . 

Hcwever, since a l l o f the hybrids cn the mixing tr e n d f o r the 1971 

lavas have a very s i m i l a r c a r p o s i t i o n on the i n c c r r p a t i b l e r a t i o p l o t s 

( f i g u r e s 4.8.9-13) and a l t e r n a t i v e approach i s adopted. 

The end-member, ES14, on the main mixing tr e n d can be shewn t o be 

r e l a t i v e l y u n f r a c t i o n a t e d on the MgO and ^aenocryst p r o p o r t i o n p l o t s 

( f i g u r e s 4.8.2-7). The opposite end-member on the tre n d , ES18, i s 

however s l i g h t l y f r a c t i o n a t e d . From t h i s evidence, i t i s possible t o 

con s t r u c t the approximate p o s i t i o n o f the mixing l i n e on the t w 

element p l o t s i n f i g u r e s 4.8.14-17. The mixing l i n e s are represented 

on these p l o t s by a t h i c k , dashed l i n e connecting the u n f r a c t i o n a t e d 

ES14 end-meirtoer t o the e s t i i i e t e d u n f r a c t i o n a t e d p o s i t i o n o f the ES18 

end-member. The mixing l i n e s an these p l o t s can, t h e r e f o r e , be 

d i r e c t l y r e l a t e d t o the i n c o r ^ j a t i b l e r a t i o p l o t s ( f i g u r e s 4.8.9-13) and 

the hybrids should p l o t on t h i s l i n e i f they have s u f f e r e d no 

post-mixing m o d i f i c a t i o n . I n f a c t , a l l o f the hyb r i d s f a i l along 

f r a c t i o n a t i o n - c o n s i s t e n t trends ( i n d i c a t e d by arrows) on f i g u r e s 

4.8.14-17 away from the mixing l i n e which may be considered as a base 

l i n e f o r post-mixing f r a c t i o n a t i o n . 

Figure 4.8-14, K vs Ba, i l l u s t r a t e s t h i s concept p a r t i c u l a r l y w e l l . 

Most o f the hyb r i d s (closed squares) and end-member, ES18, f a l l away 

from the mixing l i n e along post-mixing f r a c t i o n a t i o n trends, ES55 being 

the TVDSt s t r o n g l y f r a c t i o n a t e d h y b r i d (as a l s o shown by whole-rock 
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chemistry and petrography) and s i g n i f i c a n t l y enriched in K and Ba. 

Most of the hybrids plot v i r t u a l l y along the same fractionation trend 

because they have very similar l i q u i d compositions ( i e . similar 

incaT?3atible element r a t i o s ) . ES 21 appears to l i e belcw the mixing 

l i n e and i s either unfractionated or i s a cumulate OOTposition and, 

furthermore, i s shewn to be r e l a t i v e l y basic frcm e a r l i e r petrological 

evidence -

Sanples belonging to the secondary mixing group on the K-Ba diagram 

(figure 4.815, open squares) plot p a r a l l e l to the fractionated hybrids 

on the main mixing trend. TYiis nay indicate that these sanples have 

also undergone the same fractionation. Because of the very small 

vciriation between members of t h i s secondary suite on the inconpatible 

r a t i o plots fractionation w i l l tend to produce a single trend and 

pre-fractionated sample would tend to c l u s t e r on such a plot. I n 

addition, as these saitples are a l s o very close to the main trend 

hybrids i n terms of l i q u i d oar^osition, l a t e r fractionation w i l l cause 

both hybrid suites to becane superinposed. 

Plots of Zr vs K, Zr vs bJb and K vs Nb in figures 4.8.15-17, 

e s s e n t i a l l y show the same c h a r a c t e r i s t i c s as the K vs Ba plot for the 

main mixing trend (closed squares). Again, the thick, dashed l i n e 

between the two end-members represents the mixing l i n e with ES14 being 

richer i n Zr and Nb than ES18- Fractionation of the hybrids i s c l e a r 

(indicated by the arrows) with ES21 showing r e l a t i v e l y l i t t l e 

fractionation lying near to, or below, the mixing base l i n e . The minor 

mixing trend sanples (open squares) l i e along a short trend p a r a l l e l to 

the fractionated hybrids of the rtain trend and nay again argue that 
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l i m i t e d f r a c t i o n a t i o n has a f f e c t e d these sanples. 

I n sunmary, the 1971 lava flows show good evidence f o r the existence 

o f a rrajor mixing trend and a minor subsidiciry one connected t o i t . 

Two end-members, ES 14 and 18, appear t o have mixed t o produce the main 

t r e n d . A t h i r d end-moriber could have mixed w i t h a h y b r i d ( s ) on the 

main t r e n d , very close i n c o r p o s i t i o n t o i t s e l f , t o create a small 

mixing trend/group d i s t i n c t f r a n the main t r e n d . V i r t u a l l y a l l h y b r i d s 

and the end-meni3er ES18 show signs o f post-mixing f r a c t i o n a t i o n t o 

d i f f e r i n g degrees. 

4.8-6 C o r r e l a t i o n Between Lava C a r p o s i t i o n and Volcanology 

The 1971 e r u p t i v e event was l o n g - l i v e d and created several lava flows 

associated w i t h d i f f e r e n t vents, m i g r a t i n g f r a n the f o o t o f the sumnit 

cone down the eastern f l a n k as shown i n figiare 4.8.1. Samples have 

been c o l l e c t e d from mDst o f the flow u n i t s . D e t a iled accounts o f the 

e r u p t i v e a c t i v i t y were produced by Walker (1973) and Rcmano and 

S t u r i a l e (1973) a l l o w i n g the chemical features o f the lavas t o be 

r e l a t e d f a i r l y a c c urately t o the r e l a t i v e t i m i n g and a l t i t u d e o f 

e f f u s i o n . 

The e a r l i e s t lavas on the south side o f the sunmit cone o r i g i n a t e d f r a n 

the Cbservatory and Vulcarolo vents. The sanples c o l l e c t e d f r a n these 

flows ( f i g u r e 4.8.1) are r e l a t i v e l y u n f r a c t i o n a t e d and belong t o both 

the main mixing t r e n d and the minor mixing t r e n d i n c l u d i n g both 

end-members t o the main t r e n d . A c t i v i t y from the Eastern Vent began 
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s h o r t l y before the western vents stopped en.5>ting. The lava sanples 

erijpted frcm t h i s vent must be o f a s i m i l a r age t o the Observatory and 

Vulcarolo vents and are o f h y b r i d conpositions from both mixing t r e n d s . 

Succeeding a c t i v i t y produced the Icirge lava f l o w on the eastern f l a n k 

a t 1800m a . s . l . and san^Jles o f t h i s lava are the most s t r o n g l y 

f r a c t i o n a t e d (ES 53, 54, 55). I n a d d i t i o n , saiiples such as ES 35 and 

53, which were not associated w i t h e i t h e r mixing t r e n d are erupted 

d u r i n g t h i s phase o f a c t i v i t y . 

There appears t o be l i t t l e r e l a t i o n s h i p between lava chemistry, i n 

terms o f mixing, and a l t i t u d e / a g e o f e r u p t i o n . The most f r a c t i o n a t e d 

sanples, however, appear t o be associated w i t h the vents on the eastern 

f l a n k a t 1800m a . s . l . a f t e r the e r u p t i o n o f less f r a c t i o n a t e d lavas. 
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Table 4.8.1 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1971 LAVAS 

major oxides, weight % 

ES 14 ES 15 ES 16 ES 17 ES 18 ES 19 ES 21 ES 22 

Si02 47.27 47.73 47.73 47.56 47.66 47.09 47.57 47.27 
A1203 16.60 17. 20 16.96 17. 13 17.36 17.06 16.65 16.81 
Ti02 1.69 1.70 1.70 1.69 1.70 1.68 1.73 1.67 
Fe203 4.07 3.68 3.60 3.73 3.84 3.36 3.90 4.72 
FeO 6.83 6.96 7.09 7.02 6.86 7. 19 7.08 6.01 
MgO 6. 15 5.81 5.93 6.06 5.89 5.88 6.06 5.93 
CaO 10.47 10.56 10.64 10.60 10.85 10.54 10.56 10.52 
Na20 4.06 3.83 3.68 3.70 3.39 3.66 3.44 3.69 
K20 1.66 1.81 1.80 1.80 1.78 1.79 1.67 • -1.76 
MnO 0. 19 0. 18 0. 19 0. 18 0. 19 0. 19 0. 19 0. 19 
P205 0.50 0.55 0.56 0.55 0.48 0.55 0.51 0.55 
H20+ 0.32 0.30 0. 28 0.35 0.37 0.36 0.41 0. 25 
CO 2 0. 18 0.20 0.20 0. 18 0. 22 0. 20 0. 15 0.29 

t o t a l 99.99 100.51 100.36 100.55 100.59 99.55 99.92 99.66 

t r a c e i elements, ppm 

Sr 1206 1271 1254 1260 1265 1248 1 190 1279 
U 1 1 1 0 1 2 1 2 
Rb 35 41 41 40 43 41 38 41 
Y 27 27 28 29 27 26 26 27 
Th 8 9 7 10 9 10 8 10 
Pb 5 6 8 6 5 7 7 5 
Ga 22 21 21 22 21 24 20 23 
Zn 93 98 100 96 98 96 90 88 
Cu 124 147 136 134 133 128 124 131 
Cr 31 32 37 36 38 32 30 32 
Ni 22 23 27 24 26 23 24 21 
Co 43 55 52 53 58 55 47 42 
Nd 51 49 47 47 53 56 45 47 
Sm 10 10 8 11 10 14 9 13 
Ce 148 149 140 138 127 132 128 138 
Ba 716 724 717 710 668 699 659 688 
La 71 70 69 69 64 68 66 67 
Nb 62 59 59 59 55 58 55 58 
Zr 251 251 250 251 244 249 238 251 

volume % phenocrysts 

plag 15.7 19.7 16. 1 15.7 13.3 21.5 15.4 23.5 
pyrox 12.9 8.5 10. 1 8. 1 7.5 9.7 13.0 6.8 
o l i v 2.8 3.6 2.6 3.0 3. 1 3.9 2.3 1.8 
Ti-mag 1.6 1.8 1.8 1.6 1.2 1.4 0.9 0.9 
t o t a l v o l . % 
phenos 33.0 33.8 30.6 28.4 25. 1 36.5 31.6 33.0 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 2) 
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Table 4.8.1 (continued) 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1971 LAVAS 

major oxides, weight % 

ES 23 ES 27 ES 28 ES 35 ES 41 ES 53 ES 54 ES 55 

Si02 47.70 47.58 47.43 47.53 47,32 47.53 47.87 48.72 
A1203 16.73 17.05 16.71 16.84 16.81 16.69 17.07 17.42 
Ti02 1.68 1.71 1.70 1.67 1.68 1.73 1.68 1.69 
Fe203 3. 15 3.31 3.68 4.06 3.45 4. 20 4.03 4. 15 
FeO 7.36 7, 26 7.01 6.33 7. 12 6.53 6.52 6.34 
MgO 6. 15 5.81 5.73 5.94 6. 21 5.97 5.93 5.59 
CaO 10.50 10.59 10.67 10.46 10.53 10.46 10.55 10.50 
Na20 3.49 3.54 3.67 4. 26 3.72 4.04 3.84 4. 28 
K20 1.78 1.77 1.78 1.83 1.78 1.72 1.79 1.85 
MnO 0. 20 0. 19 0. 19 0. 19 0. 18 0. 19 0. 19 0. 19 
P205 0.55 0.56 0.56 0.58 0.55 0.52 0.56 0.58 
H20+ 0.35 0.30 0. 28 0.40 0.36 0.37 0.31 0.23 
CO 2 0. 16 0. 20 0. 20 0. 18 0.20 0. 12 0. 10 0. 10 

t o t a l 99.80 99.87 99.61 100.27 99.91 100.07 100.44 101.64 

t r a c e elements, ppm 

Sr 1238 1246 1237 1238 123 2 1212 1263 1289 
U 2 0 2 1 0 1 2 1 
Rb 41 42 4 1 41 40 39 41 43 
Y 27 28 28 27 27 26 28 28 
Th 8 9 9 9 8 8 9 10 
Pb 5 6 5 7 7 7 7 5 
Ga 21 22 23 22 23 23 22 21 
Zn 91 99 97 93 98 79 94 92 
Cu 132 105 94 134 131 122 132 13 1 
Cr 30 36 34 34 34 31 32 31 
Ni . 23 25 24 24 28 19 22 24 
Co 46 52 54 56 56 42 47 45 
Nd 51 52 47 50 57 43 53 55 
Sm 10 9 10 10 6 5 10 12 
Ce 136 142 141 143 140 127 141 150 
Ba 692 701 690 719 707 686 719 752 
La 70 68 68 74 65 66 68 72 
Nb 58 59 59 59 58 60 59 60 
Zr 248 250 248. 249 248 259 256 260 

volume % phenocrysts 

plag 15.4 12.6 15.2 22.4 14.0 23.6 18.3 27.0 
pyrox 9.7 9.4 8.8 7.8 15.2 11.0 9.7 9.4 
o l i v 2.7 2.6 2.4 2.8 3.0 3.8 2.9 1.4 
Ti-mag 1.7 1.0 1.0 1.0 2. 2 2.2 0.9 1.5 
t o t a l vol 
% phenos. 29.5 25.6 27.4 34.0 34.4 40.6 31.8 39.3 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 2) 
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Map of the 1971 lava f i e l d showing sainiJle locations. Grid references 
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4.9 The 1981 Lavas 

4 . 9 . 1 The Eruption 

The eruption of March, 1981 occurred on the northern flank of the 

volcano frcm a NW-SE trending fissure system i n a region which had been 

inactive for more than 400 years (Scott, 1983) - The event was 

short-lived, l a s t i n g the period March 17 t o March 23, with a higher 

than average lava effusion rate of ""75111̂ 3"' and a t o t a l en^Jted volume 

of 20+2x10^ (Guest et. a l . , 1981). 

A c t i v i t y occurred from several centres which migrated down a ocn^Jlex 

fissure system . .; the opening order of the d i f f e r e n t fissure 

segments and the r e l a t i v e ages of the associated lava flows i s 

indicated i n figure 4.9-1. Fissure 1 opened on March 17 between 2625 

and 2526m a.s.l. marking the i n i t i a l phase of a c t i v i t y following 

considerable seismic a c t i v i t y (Guest et. a l . , 1981). This was 

succeeded wi t h i n a space of 4 hours by the progressive opening of 

fissure segments 2-4 accor^Janied by viole n t stroribolian a c t i v i t y 

including f i r e fountaining as well as effusion of lavas. As a c t i v i t y 

migrated downslope, eruptive vents higher up became inactive. Fissure 

5 became the main eruptive fissure (Scott, 1983) which opened on March 

17/18 and extended fron 1750m a.s.l. dcwn t o to 1300m a.s.l. A large 

cbnpound lava f i e l d originated frcsn t h i s fissure section which 

travelled rapidly i n a bJNE d i r e c t i o n down towards the Alcantara River 

bed at 650m a.s.l. A c t i v i t y from fissure 5 ceased on March 20. 

Fissure 6 (figure 4.9.1) opened la t e on March 18 at between 1250 and 

1125m a.s.l. and produced a small, northerly-moving lava flow, 1.5km 

long, which rareined active u n t i l 23 March when the eruption ended-
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A detailed geochemical, petrograpliic and volcanological investigation 

of the 1981 lavas has' been carried out by Scott (1983), from which the 

petrological and volcanological data for t h i s study are taken. Scott 

(op. c i t . ) collected sairples fran the e n t i r e eruptive length of the 

1981 fissure and recorded accurate r e l a t i v e age and a l t i t u d e 

information for them. Such an integrated study was undertaken with the 

aim of providing clues as to the nature of high-level magmatic 

processes w i t h i n the plumbing system. Variations i n whole-rock 

chonistry and petrography were a t t r i b u t e d t o the mixing of the fresh 

1981 magma with residual 1979 magma. The progressive change i n 

petrology between early-erupted, high a l t i t u d e lavas and la t e r , 

low-altitude lavas was envisaged t o be caused by progressively greater 

mixing with the residual magma as the eruption proceeded. 

4.9-2 Whole-Rock Chemistry 

The geochemicai data of Scott (op. c i t . ) are used in. t h i s study and are 

presented i n table 4.9.1. These analyses have been carried out under 

s i g n i f i c a n t l y d i f f e r e n t analytical conditions on XRF f a c i l i t i e s at 

Lancaster University using d i f f e r e n t instrumental c a l i b r a t i o n 

standards. As such, t h i s data must be treated separately and cannot be 

accurately carpared with the chemical data aquired for t h i s study. 

However, intra-lava f i e l d study w i l l not be affected. The instrumental 

precision l i m i t s for t h i s data are provided i n table 4.9.1 and trace 

element data for Cr, Ni, Nd, Sm and Ce are not available. 
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Variations i n the concentrations of the najor oxide and trace elements 

are shown cn the MgO v a r i a t i o n diagrains i n figure 4.9.2. Significant 

variations can be cbserved i n rtajor oxides, such as Ai203, Ti02, Fe203, 

CaO, K20 and the trace elenents Sr and Cu (very scattered). Generally, 

t h i s the overall trend i n t h i s v a r i a t i o n , though scattered, i s 

consistent with c r y s t a l fractionation. The carpositional control lines 

for the phenocryst phases on the major oxide plots, towever, do not 

demonstrate the dominance of any one phase i n t h i s process. 

The remaining major oxides and trace elements show i n s i g n i f i c a n t 

scattered v a r i a t i o n within the error bars. 

4.9.3 Petrography 

Phenocryst proportions for 8 of tlie 1981 lava san^>les have been 

determined by Scott (1983) and are shown i n table 4.9.1 and p l o t t e d on 

the phenocryst -MgO plots i n figure 4.9.3. The t o t a l phenocryst volume 

i s observed t o irSrease overall with MgO, although the p l o t i s quite 

scattered. Abundances of pyroxene and plagioclase are very variable 

(5.1-9.5 and 16.9-20.3 volume percent respectively) and shav a 

convincing positive correlation with MgO suggesting small amounts of 

c r y s t a l fractionation involving these phases. Olivine and 

titanomagnetite exhibit no s i g n i f i c a n t v a r i a t i o n . 

Microprobe analyses of phenocryst phases i n sanples 81/6 and 81/9b are 

presented i n ciiapter 3. Variations i n the chemistry of phenocryst 

phases such as titancmagnetite and o l i v i n e w i t h i n the same sanple 
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provides further probable evidence for processes such as crystal 

fractionation and/or negna mixing. Since fr a c t i o n a t i c n has been shon 

to have cnly a minor influence on lava ootposition, mixing seems t o be 

a more viable cause. T \ A O coipositional groupings of titancmagnetite 

are pre included i n phenocrysts of Usp 35-37 oortposition, and 

microphenocrysts of Usp 48-52 coiposition. Unless each group 

represents a d i f f e r e n t phase of titancmagnetite growth i n the same 

magma, those included i n o l i v i n e and pyroxene phenocrysts could have 

been added to, or mixed with, a s l i g h t l y d i f f e r e n t magma containing 

opaque microphenocrysts of Usp 48-52 corposition. Similarly, the 

varia t i o n Fe/Mg i n o l i v i n e phenocryst cores (as discussed i n chapter 3) 

could be related to such nagmatic processes. 

4.9.4 Trace Elonent Modelling 

Scott (1983) showed the existence of a prominent mixing trend w i t h i n 

the 1981 lavas on mixing plots involving r a t i o s such as CaO/Sr vs 

A1203/MgO. Mixing was suggested to have taken place between new 1981 

magm and residual 1979 magm (erupted fron the sunmit, new covered t y 

younger products and poorly san^Jled). Hcwever, i f the crystal 

fractionation trends observed are evidence for post-mixing 

fractionation, then such mixing plots involving oonpatible elements 

w i l l not shew true mixing trends. 

The 1981 data are plotted cn inccnpatible element r a t i o plots i n 

figures 4.9.4 to 4.9.7 to overccme the problem of possible 

fractionation processes superinposed on mixing variations. 
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Figures 4-9-4 and 4.9.5 are plots of Zr/FEb vs K/Fto and Ba/Rb 

respectively. There i s l i t t l e s i g n i f i c a n t v a r i a t i o n i n the Zr/Rb r a t i o 

and these elements are shown t o display no real v a r i a t i o n i n the 

discussion above. However, s i g n i f i c a n t variations i n the K/Rb and 

Ba/FEb rat i o s of 3-86-4.41 and 17.56-19.7 respectively produce linear 

trends involving a l l samples on both o f these ccmnon denaninator p l o t s . 

These trends are consistent with mixing and the sanqples on these trends 

r e t a i n the same r e l a t i v e positions on both plots with end-members 

81/9a+8l/7 and 81/14+81/15. Furthermore,, t h i s mixing consistent trend 

bears no resenffence to the mixing trend described by Scott (1983) i n 

that individual sanples do not p l o t i n the same positions. 

Figures 4.9.6 (Nb/Rb vs K/Zr) and 4.9.7 (K/Nb vs K/2r) show a large 

amount a scattered va r i a t i o n , much of \A/hich l i e s w i t h i n the error bars 

(which are r e l a t i v e l y large i n t h i s data set) and no trends can be 

recognised. 

I t appears, therefore, that mixing-consistent trends can only be 

recognised i n terms of v a r i a t i o n i n the K/Rb and Ba/Rb r a t i o s , K and Ba 

being the only two s i g n i f i c a n t l y variable incortpatible elements i n the 

data set. 

4.9.5 Superin^sed Mixing and Fractionation Processes 

Scott (1983) proposed that mixing occurred between fresh 1981 magrra and 

older, more c r y s t a l l i n e 1979 magma accounting for the fracti o n a t i o n -
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consistent trend i n the data. I f t h i s i s the case, the mixing trend on 

the inoor^atible element r a t i o plots (figures 4.9.4 and 4.9.5) should 

be preserved i n two-element variation p l o t s , including the diagrans 

i n figure 4.9.2, the MgO-modal phenocryst plots i n f i g i i r e 4.9.3 and i n 

figure 4.9-8, Ba vs K. Since the mixing trend cannot be recognised on 

any of these p l o t s , post-mixing processes such as c r s y t a l fractionation 

may have affected the lavas-

To test for post-mixing fractionation, the msthods used for the e a r l i e r 

lavas of t h i s study can be u t i l i s e d . Sanples sharing the same 

incompatible element r a t i o s , clustering together on figures 4.9.4 and 

4.9.5 are 81/9a + 81/7; 81/14 + 81/15; 81/8 + 81/11 + 81/3. I f the 

samples frcm each of tliese groups are plotted and linked w i t i i a dashed 

l i n e on the p l o t Ba vs K i n figure 4.9-8, small, subparallel 

fractionation consistent' trends onerge. This i s characteristic of 

fractionation w i t h i n a heterogeneous magma body as shown i n the e a r l i e r 

eruptive events i n t h i s chapter. 

The 1981 lavas, therefore, e x h i b i t s i g n i f i c a n t i n t e r n a l cotpositional 

heterogeneity. Tliis i s a t t r i b u t e d to a dominant c r y s t a l fractionation 

process which has overprinted the effects of mixing between tv^o 

end-member magmas contrasting i n terms of incorpatible element r a t i o s . 

4.9.6 Correlation Between Lava Ccmposition and Volcanology 

Ihe relationships between the petrological features of the lavas and 

the r e l a t i v e ages and altitudes of eruption of the sanples can provide 
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a valuable insight to shallow-level magmatic processes. Soott (1983) 

has accurately recorded such volcanological informatioi which i s shown 

i n table 4.9.2 and figure 4-9.1. 

There appears t o be a p a r t i c u l a r l y good correlation between 

age/altitude of erv^Jtion and lava petrography (figure 4.9.1). In 

general, t o t a l phenocryst abundances increase with decreasing age and 

decreasing a l t i t u d e of eruption, involving especially plagioclase and 

pyroxene as shewn i n figiare 4.9.9. This change i n petrography i s also 

reflected by a variation i n whole-rock cheniistry, as discussed i n 

section 4.9.3- Conbined with the new evidence presented above for a 

post-mixing c r y s t a l fractionation episode, i t appears that the magma i n 

the dyke feeding the eruption must have been v e r t i c a l l y zoned i n 

respect to phenocryst abundances caused by cr y s t a l s e t t l i n g processes 

involving mainly plagioclase and pyroxene- The magma must, therefore, 

have resided i n the dyke long enough for t h i s t o occur. 

There i s no such systonatic relationship between age/altitude of lava 

eruption and mixing oonposition and sanples appear to have been erupted 

i n a randan order fran d i f f e r e n t positions on the mixing trend (figure 

4.9.4). 
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Table 4.9.1 
XRF WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1981 LAVAS 

major oxides, weight % 

2o- 81/2 81/3 81/4 81/5 81/6 81/7 81/8 81/9 

Si 0 2 0.30 48.63 48.67 48.77 48.76 48.59 48.67 48.77 48.87 
Ti 0 2 0.02 1.69 1.68 1.67 1.68 1.71 1.69 1.70 1.66 
A1203 0.20 18.09 17.62 17.75 17.79 17. 19 17.34 17. 15 17.80 
FeO 0.20 7.20 7.47 7.72 7.31 7. 13 7.37 7. 23 7.06 
Fe203 0. 10 3.07 3.04 2.44 2.95 3.40 2.94 3.26 3. 13 
MnO 0.06 0. 19 0.21 0. 18 0. 19 0. 20 0. 19 0. 20 0. 19 
MgO 0. 10 4.66 4.76 4.73 4.76 5.09 5.01 5.05 4.69 
CaO 0.07 10.40 10.36 10.40 10.36 10.57 10.59 10.65 10.39 
Ma 20 0. 20 3.62 3.08 3.68 3.35 3.59 3.58 3.34 3.63 
K20 0.20 1.95 1.89 1.93 1.92 1.89 1.90 1.86 1.93 
P205 0.03 0.64 0.63 0.64 0.65 0.63 0.63 0.61 0.65 
LOI* -0.45 -0.49 -0.46 -0.45 -0.42 -0.44 -0 .45 -0.43 

t o t a l 99.69 98.92 99.45 99. 27 99.57 99.47 99.37 99.57 

t r a c e elements, ppm 

Nb 6 56 56 58 57 55 56 54 57 
Ga 4 17 16 19 14 18 12 9 12 
Or 6 • 20 - - - 20 - - 16 
Rb 4 38 . 37 38 39 37 36 37 36 
Y 3 25 27 24 25 23 23 23 24 
Ba 10 717 721 718 723 705 711 707 717 
Pb 3 4 5 nd 5 7 4 nd nd 
Zn 9 89 83 89 89 90 89 87 86 
Sr 1 1 1170 1 169 1175 1170 1114 1142 1148 1169 
Zr 9 201 201 200 207 201 202 201 20 2 
Ni 5 24 - - - 24 - - 19 
Cu 4 126 127 122 131 123 138 133 133 
Co 4 39 38 39 38 40 37 42 32 

volume % phenocrysts 

p l a g . 18. 2 _ 19.5 - - 18.0 20.3 16.9 
pyrox. 5.9 - 7.9 - - 8.3 9. 1 5. 1 
o l i v . 2.0 - 2.0 - - 1. 1 • 1.9 1.6 
Ti-mag. 1.3 - 0.9 - - 0.4 0.8 1.2 
t o t a l v o l .% 
phenos. 27.4 - 31.3 - - 28.8 32. 1 24.8 

A l l data ore taken from S c o t t ( 1983): samples analysed a t Dept. of 
Environmental S c i e n c e s , U n i v e r s i t y of L a n c a s t e r using a P h i l l i p s PW1400 x-ray 
f l u o r e s c e n c e spectrometer. 

* l o s s on i g n i t i o n during bead f u s i o n 
nd not detected 
- not determined 
FeO and Fe203 determined using the method descibed i n chapter 2 
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Table 4.9.1 concinued 
XRF WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1981 LAVAS 

major oxides, weight % 

2o- 81/10 81/11 81/12 81/14 81/15 

Si02 0.30 48.78 48.85 48.36 48.41 48.57 
T i 0 2 0.02 1.67 1.68 1.68 1.68 1.69 
Ai203 0.20 17.59 17.66 17.46 17. 25 17.26 
FeO 0. 20 7.47 7.67 7.28 7.62 7. 29 
Fe203 0. 10 2.67 2.65 3.27 2.85 2.96 
MnO 0.06 0. 19 0. 20 0. 18 0. 18 0. 19 
MgO 0. 10 4.77 4.76 4.69 4.92 4.97 
CaO 0.07. 10.36 10.42 10.27 10.43 10.49 
Na20 0.20 • 3.46 3.44 3.55 3. 29 3.66 
K20 0.20 1.91 1.87 1.93 1.86 1.89 
P205 0.03 0.64 0.64 0.63 0.62 0.63 
LOI* -0.50 -0.58 -0.42 -0.38 -0.43 

t o t a l 99.01 99. 26 98.88 98.73 99. 17 

t r a c e elements, ppm 

Nb 6 53 56 56 56 56 
Ga 4 11 18 14 17 17 
Or 6 - - - - • 
Rb 4 39 37 39 40 40 
Y 3 24 24 27 24 24 
Ba 10 725 726 721 704 715 
Pb 3 6 5 5 6 5 
Zn 9 90 85 95 85 88 
Sr 11 1163 1179 1165 1136 1 148 
Zr 9 203 20 2 206 200 200 
Ni 5 - - - - -Cu 4 131 125 132 124 122 
Co 4 38 39 39 37 39 

volume % phenocrysts 

pl a g . 17. 2 17.7 18. 2 - -
pyrox. 6.6 7.5 9.5 - -o l i v . 1.2 2.9 1.4 - -Ti-mag 0.9 0.9 1.0 - -t o t a l v o l . % 
phenos 25.8 29.0 30. 1 - -
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Figure 4.9.3 
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Figure 4.9.8 
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Figure 4.9.9 
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4.10 The 1983 lavas 

4.10.1 The Eruption 

The nost recent major f l a n k f i s s u r e e r u p t i o n was t h a t o f 1983 which was 

c h a r a c t e r i s e d by a lew e f f u s i o n r a t e , averaging 8.9m /sec, a long 

d u r a t i o n o f 131 days and described as a * q u i e t ' enj^rt-ion (Frazzetta and 

Ê cmano, 1984). A large ccnpound f l o w f i e l d , 7.5 km i n length, spread 

down the southern f l a n k o f the volcano ( f i g u r e 4-10.1) w i t h a t o t a l 

estijTBted volume o f 100±20 xl0*m** ( F r a z e t t a and Ronano, 1984). The 

lavas posed a major t h r e a t t o p r o p e r t y a t the R i f u g i o Sapienza which 

prarpted a large-scale atter ^ J t t o d i v e r t the lava f l o w w i t h p a r t i a l 

success (Bar b e r i e t . a l . , 1984). I n a d d i t i o n , t h e e r u p t i o n a t t r a c t e d 

the a t t e n t i c n o f many v o l c a n o l o g i s t s i n the study o f vcurious aspects o f 

the e r u p t i v e a c t i v i t y . Frazzetta and Romano (1984) and Guest e t . a i -

(1987) s t u d i e d the morphological e v o l u t i o n o f the f l e w f i e l d s ; Murray 

and Pullen (1984) i n v e s t i g a t e d the subsurface movement o f the mayne by 

ground deformation s t u d i e s ; Armienti e t . a l - (1984) and Tanguy and 

C h l o c c h i a t t i (1984) c a r r i e d o u t d e t a i l e d p e t r o l o g i c a l studies on the 

lavas. 

The f o l l o w i n g b r i e f account o f the e r u p t i o n i s taken from Frazzetta and 

Rcmano (1984): 

Seismic a c t i v i t y began on March 26-27, 1983 which was followed by the 

opening o f a f r a c t u r e systan t r e n d i n g NNE-SSV/ on the southern r i f t zone 
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between 3000 and 2250m a . s . l . The southemirost p a r t o f t h i s f i s s u r e 

became e n d i v e and lava output ccmnenced on March 28. Large flows 

o r i g i n a t e d f r a n four boccas a t the end o f the f i s s u r e which advanced 

southwards a t "TQm/hour. The Nicolosi-Sapienza road was cut on the 

evening o f the March 28, 1.5 km frcm the e r u p t i o n s i t e . A ccrrpound 

f l e w f i e l d began t o develop w i t h various a c t i v e f r o n t s . By A p r i l 21, 

the lavas had reached an a l t i t u d e o f 1150m a . s . l . , 6 km from the source 

where only one e f f u s i v e bocca ronained a c t i v e . An increase i n e f f u s i o n 

r a t e was recorded on A p r i l 23 w h i l s t the lava stream flowed r a p i d l y SSVV 

and on May 8 the f l o w f r o n t had a t t a i n e d i t s lowest a l t i t u d e a t 1080m 

a . s . l . , 7.5 km f r o n the source vent. Hcwever, lavas continued t o erupt 

a t a reduced e f f u s i o n r a t e and small overflows f r a n the main channel 

ronained a c t i v e near t o the vent area. This a c t i v i t y continued u n t i l 

August 6 vv^en a c t i v i t y ceased. 

4.10.2 Whole-Rxrk Chemistry 

A l a r g e s u i t o f sanrples from the 1983 lavas have been c o l l e c t e d both 

d u r i n g the e r u p t i o n (those p r e f i x e d , 'DK') and soon a f t e r ('ES' 

samples). Precise g r i d references and b r i e f d e s c r i p t i o n s o f these 

san? 5 l e s are l i s t e d i n t a b l e 2.1. The san^Jling l o c a l i t i e s are shown on 

the map o f the lava f i e l d i n f i g u r e 4.10.1 and whole-rock diemical data 

w i t h modal phenocryst p r o p o r t i o n s are shown i n t a b l e 4.10.1. 

The v a r i a t i o n diagrams shewn i n f i g u r e 4.10.2 e x h i b i t very l i t t l e 

i n t r a - l a v a v a r i a t i o n and, on the whole, the lavas appear t o be a l n o s t 

hcmogeneous. MgO i s i n s i g n i f i c a i i t l y v a r i a b l e between 5.6 and 6.0 
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weight percent and, l i k e w i s e , many elements do not show any r e a l 

v a r i a t i o n . However sore elenients shows ssnall, a n a l y t i c a l l y s i g n i f i c a n t 

s c a t t e r which r a r e l y d e f i n e a reoognis^able t r e n d . Where o v e r a l l 

trends are present, they appear t o be f r a c t i o n a t i o n - c o n s i s t e n t . The 

v a r i a t i o n s i n whole-rock chemistry, observed on f i g u r e 4.10.2, can be 

sunmarised as f o l l o w s : 

Major Oxides 

Si02 46.9-48.3 wt. % These p l o t s are g e n e r a l l y s c a t t e r e d 
K20 1.87-2.01 wt. % showing no observable trends and sane o f 
Na20 3.8-4.4 wt. % the v a r i a t i o n i s s i g n i f i c a n t . 
Ti02 1.69-1.72 wt. % 

CaO 10.3-10.6 wt. % These elements show an o v e r a l l p o s i t i v e 
Fe203 11.1-11.6 wt. % spread o f the data and a small degree o f 

s i g n i f i c a n t v a r i a t i o n outside the e r r o r 
bars. 

A1203 16.1-16.8 wt. % Shows a negative c o r r e l a t i o n , s c a t t e r i s 
w i t h i n the e r r o r l i m i t s . 

Trace Elements 

Cr 34-47 ppm These elements show no s i g n i f i c a n t ' 
Ni 21-26 ppn v a r i a t i o n . 
La 59-67 ppm 
Zn 92-112 PExn 
Nd 38-56 ppm 
an 6-13 ppn 
Ce 135-154 ppm 
Nb 48-51 ppn 

Rb 43-47 ppn Scattered, s i g n i f i c a n t v a r i a t i o n i s 
Ba 646-697 ppn observed f o r these t r a c e elements. Sr 
Zr 226-233 ppm shows an o v e r a l l negative c o r r e l a t i o n 
Cu 128-142 ppn w i t h MgO. 
Co 47-71 ppm 
Sr 1203-1258 ppm 
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4.10.3 Petrography 

- The t o t a l f*ienocryst-MgO p l o t i n f i g u r e 4.10.3 i s r a t h e r s c a t t e r e d 

shewing a s r a l l v a r i a t i o n i n phenocryst abundances frcm 31 t o 45 volume 

percent. Plagioclase shews a small, p o s i t i v e c o r r e l a t i o n against MgO 

(although MgO v a r i a t i o n i s i n s i g n i f i c a n t ) ' i n f i g u r e 4.10.5. This 

v a r i a t i o n i n p l a g i o c l a s e abundance i s r e f l e c t e d by s cattered s t r o n t i u m 

values i n f i g u r e 4.10-4. Modal pyroxene shows a small, i r r e g u l a r 

f l u c t u a t i o n i n abundcince between 8.5 and 13.5 volume percent w i t h 

corresponding v a r i a t i o n i n chrcmium on f i g u r e 4.10.4. O l i v i n e and 

t i t a n o m a g n e t i t e , however, show no r e a l v a r i a t i o n . 

Modcd phenocryst data, t h e r e f o r e , present evidence f o r small 

f l u c t u a t i o n s i n the abundances o f p l a g i o c l a s e and pyroxene phenocrysts 

w i t h i n these lavas. Hcwever, th e r e appears t o be no systeanatic 

v a r i a t i o n . A r m i e n t i e t . a l . (1984) a l s o record minor v a r i a t i o n s i n 

phenocryst abundances which they r e l a t e t o changes i n lava output r a t e 

which a f f e c t s ^ e n o c r y s t d i s t r i b u t i o n . C r y s t a l s e t t l i n g processes are 

not thought t o occur by these authors as there appears t o be no 

s e l e c t i v e v a r i a t i o n i n any o f the phases. 

Microprobe analyses f o r phenocrysts i n 1983 lavas were presented i n 

chapter 3. I n the absence o f s i g n i f i c a n t f r a c t i o n a t i o n processes, the 

normal and reverse zoning i n p l a g i o c l a s e , v a r i a t i o n s i n Fe/Mg values i n 

o l i v i n e cores, and v a r i a t i o n s i n the u l v o s p i n e l content o f the opaques 

w i t h i n s i n g l e sanples must be r e l a t e d t o other processes such as 

mixing. 
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4.10.4 Trace Element Modelling 

I n c c n p a t i b l e elenent r a t i o p l o t s i n v o l v i n g the saiT?)les from the 1983 

lava flows are presented f i g u r e s 4.10.6 t o 4.10.9. D i s t i n c t magmatic 

l i q u i d heterogeneity i n the form o f mixing-consistent trends can be 

c l e a r l y recognised on these p l o t s . 

Figure 4.10.6 i s a connoi denominator p l o t i n v o l v i n g K/Rb and Zr/Rb 

which shows strong v a r i a t i o n among the data o f the K/Rb r a t i o 

(3-18-3.71) along a l i n e a r mixing l i n e . V a r i a t i o n o f the Zr/Rb r a t i o 

ranges between 4.67 and 5.16. Most o f the saitples f a l l tcvards the 

K/Rb and Zr/Rb r i c h end o f the t r e n d , defined by end-monber ES313. 

Many o f the data p o i n t s however de v i a t e frem t h i s mixing l i n e between 

DK9 and ES21 d e f i n i n g a p o s s i b l e secondary (open square symbols) t r e n d 

branching o f f the main one ( f i l l e d square-symbols). This phenctnenon i s 

nore c o n v i n c i n g l y i l l u s t r a t e d by the other i n c o i ^ j a t i b l e r a t i o p l o t s . 

Figures 4.10.7 and 4-10.8 reveal the same mixing trends as i n 4.10-6, 

f i g u r e 4-10.8 though shows t h a t the second mixing t r e n d may be d i v i d e d 

i n t o tvwD s u b - p a r a l l e l trends- Ba/Rb vs K/Zr ( f i g u r e 4.10-7) d i s p l a y s a 

major, arcuate mixing t r e n d i n v o l v i n g san^^les ES 313-328-315-314-316-

326(?)-323-21. These sanples a l s o d e f i n e a very good l i n e a r mixing 

t r e n d on the cotmion denominator p l o t i n f i g u r e 4.10.6 and i s termed 

"lineage 1 " ( f i l l e d square symbols). Figure 4.10.7 shows lineage 1 t o 

have s t r o n g l y v a r i a b l e Ba/Rb (13.6-15.5) and K/Rb (68-1-71-9) r a t i o s 

and a s t r o n g l y hyperbolic form. The remaining sanples on f i g u r e 4-10-7 
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provide good evidence f o r a second mixing t r e n d o r i e n t a t e d 

perpendicular t o , and i n t e r s e c t i n g lineage 1 on t h i s p l o t . T h i r t e e n 

sanples are involved i n t h i s second mixing t r e n d , "lineage 2" (open 

squares), which shows a v a r i a b l e K/Zr r a t i o (67.5-71) but a less 

v a r i a b l e Ba/Rb r a t i o (14.7-15.3). 

Figure 4.10.8, Nb/Rb vs K/Zr, e s s e n t i a l l y shows the same features as 

f i g u r e 4.10-7 w i t h a main, arcuate mixing lineage 1 w i t h the mixing 

lineage 2 i n t e r s e c t i n g i t . The mixing lineage 2, however, appears on 

t h i s p l o t t o be sub-divided i n t o two p a r a l l e l trends. 

Figures 4.10.9 shows v a r i a t i o n i n the K/Zr (67.5-72) and Nb/Zr 

(21.5-22.3) r a t i o s . These p l o t s , however, do not d i s t i n g u i s h the 

d i f f e r e n t mixing lineages but d e f i n e a s i n g l e , broad t r e n d . 

The 1983 s u i t e o f lava samples, which i s the l a r g e s t o f a l l lava f i e l d s 

s t u d i e d (20 sanples), shows evidence f o r conqplex mixing events. The 

most extensive mixing l i n e , lineage 1, c o n t r a s t s w i t h the l a t e r lineage 

2 m u l t i p l e trends o r i e n t a t e d perpendicular t o lineage 1 on f i g u r e s 

4.10.7 and 4.10.8. Lineage 2 appear t o post-date lineage 1 because the 

former seems t o have been created by mixing end-members "ES8/321 w i t h 

lineage 1 h y b r i d s (near t o ES326 c c r p o s i t i o n ) . The tvvo lineages are 

markedly d i f f e r e n t i n terms o f K/Zr, Ba/Rb and Nb/Rb r a t i o s but s i m i l a r 

i n terms o f Nb/Zr, Zr/Ba and Zr/Rb r a t i o s . 

I n sunmary, the 1983 lavas show no evidence f o r c r y s t a l f r a c t i o n a t i o n 

processes, although there are small f l u c t u a t i o n s i n phenocryst 
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p r o p o r t i o n s p o s s i b l y r e l a t e d t o changes i n lava output r a t e ( A r m i e n t i 

e t . a l . , 1 9 8 4 ) . Hcwever, very convincing mixing c o n s i s t e n t trends are 

defined \yy v a r i a t i o n s i n i n c o r ^ a t i b l e element r a t i o s representing 

catplex mixing episodes between a t l e a s t three d i f f e r e n t end-menibers. 

4 . 1 0 . 5 C o r r e l a t i o n Between Lava Cot^josition and Volcanology 

The accurate c h r o n o l o g i c a l c o n t r o l on the e r u p t i o n times o f the sairples 

c o l l e c t e d f r o n the 1983 lavas provides a unique o p p o r t u n i t y w i t h i n t h i s 

study t o r e l a t e such v o l c a n o l o g i c a l evidence, together w i t h 

observations such as v a r i a t i o n s i n lava e f f u s i o n r a t e s , t o lava 

chemistry 

The 'DK* saiTples were c o l l e c t e d d u r i n g the e a r l y stages o f t l i e e r u p t i o n 

( A p r i l 2 - 7 ) t y by A.M. Duncan, J.E. Guest, C.R.J. K i l b u m and S.C. 

Scott. The e r u p t i o n dates f o r these sanples are a c c u r a t e l y recorded. 

The 'ES' samples, c o l l e c t e d a f t e r the e r u p t i o n , can a l s o be reasonably 

dated r e l a t i v e t o one another from the d e t a i l e d records o f the e r u p t i o n 

and the developnent o f the f l e w f i e l d (Frazzetta and Ronano, 1 9 8 4 ) . 

Table 4 . 1 0 . 2 l i s t s the 1983 lava san^Jles i n c h r o n o l o g i c a l order w i t h 

t h e i r dates o f e r u p t i o n . This t a b l e a l s o shews the c c n p o s i t i o n a l 

c h a r a c t e r i s t i c s o f each sanple i n terms o f t l i e mixing processes 

i d e n t i f i e d above. Each sanple belongs t o e i t h e r mixing lineage 1 o r 2 

and i s e i t h e r a h y b r i d or an end-member. 

Fran t a b l e 4 . 1 0 . 2 , i t i s i i r m e d i a t l y apparent t h a t a l l sarT?>les erupted 

e a r l y on, between March 28 and A p r i l 4 , are h y b r i d s on mixing lineage 2 
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followed by the oid-meinber, DK8 o f t h i s lineage. Thereafter, a l l lava 

sanples erupted belong t o both mixing trends and t h e r e i s no t e t i p o r a l 

r e l a t i o n s h i p between chemistry and time o f e r u p t i o n . 

I n a d d i t i o n t o the above r e l a t i o n s h i p between lava chesnistry and time 

o f e n j p t i o n , the e f f e c t s o f v a r i a t i o n s i n lava e f f u s i o n r a t e can be 

i n t e g r a t e d t o place f u r t h e r v o l c a n o l o g i c a l c o n s t r a i n t s on mixing 

processes. V a r i a t i o n s i n e f f u s i o n r a t e d u r i n g the 1983 e r u p t i v e event 

are shown i n f i g u r e 4.10.10.(Armienti e t . a l . , 1984). The e a r l y 

erupted lineage 2 sanples can be r e l a t e d t o a much higher e f f u s i o n r a t e 

o f "'50m*/sec f r a n the s t a r t o f a c t i v i t y u n t i l 3/4 A p r i l . E f f u s i o n r a t e 

then decreased t o around '"20m^/sec. Thus change i n output r a t e 

corresponds t o the change i n lava chemistry, f r a n lineage 2 sanples t o 

lavas belonging t o both mixing trends which takes place on A p r i l 4/5. 

A r m i e n t i e t . a l . (1984) a l s o r e l a t e an increase i n the c r y s t a l l i n i t y o f 

the lavas t o lower e f f u s i o n r a t e s caused by the e r u p t i o n o f a 

d i f f e r e n t , cooler batch o f magma. This could be r e l a t e d t o the 

changeover i n lava chemistry as described. 

These observations, l i n k i n g lava chemistry t o the volcanoiogy, provides 

important evidence f o r the nature o f the mixing processes and i s used 

i n the modelling o f t h i s process i n chapter 6. 
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Table 4. 10.1 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1983 LAVAS 

major oxides, weight % 

DK 2 DK 3 DK 6 DK 8 DK 9 DK 11 DK 13 

Si02 48.26 47.61 47.45 46.93 47.79 47.89- 47.69 
A1203 16.79 16.40 16. 29 16. 19 16.52 16.78 16. 28 
Ti 0 2 1.71 1.72 1.72 1.72 1.73 1.72 1.73 
Fe203 3. 18 3.85 3.79 3.67 3.72 3.83 3.91 
FeO 7.32 6.76 6.80 6.93 6.87 - 6.73 6.63 
MgO 5.67 5.87 5.73 5.60 5.76 5.72 5.96 
CaO 10.45 10.46 10.39 10.37 10.47 10.40 10.54 
Na20 3.80 4. 18 4.30 4. 20 4. 23 4.09 3.86 
K20 1.93 1.93 1.89 1.88 1.92 1.89 1.87 
MnO 0. 18 0. 20 0.20 0. 20 0. 19 0. 19 0. 19 
P205 0.54 0.53 0.54 0.53 0.54 0.54 0.53 
H20+ 0.21 0.41 0.28 0.38 0.30 0. 28 0. 26 
CO 2 0. 19 0.04 0.03 0.00 0.00 0.04 0. 13 

t o t a l 100.23 99.96 99.38 98.60 100.04 100. 10 99.58 

t r a c e elements, ppm 

Sr 1258 1249 1247 1237 1248 1238 1223 
U 2 2 1 2 1 2 1 
Rb 45 46 45 45 46 45 44 
Y 28 28 27 28 27 28 28 
Th 7 7 8 7 8 7 7 
Pb 12 5 7 6 8 4 7 
Ga 23 22 23 22 23 23 22 
2n 100 92 96 99 96 100 94 
Cu 138 138 142 139 140 137 135 
Cr 35 35 34 38 38 38 41 
Ni 22 25 21 23 24 26 22 
Co 51 47 48 52 50 52 48 
Nd 46 48 53 50 51 47 42 
Sm 10 10 12 14 9 8 7 
Ce 154 145 143 139 151 145 144 
Ba 667 683 679 687 685 679 658 
La 66 65 62 65 65 65 64 
Nb 51 51 51 51 50 50 49 
Zr 23 1 231 231 231 230 231 228 

volume % phenocrysts 

plag 17.8 23.7 22. 1 21.6 21.7 21.9 21. 1 
pyrox 10.3 13.3 10.7 12. 1 12.6 11.2 10.3 
o l i v 2. 1 2.8 2.2 2.9 3.4 1.8 2.7 
Ti-mag 1.2 2.2 1.8 1.9 1.9 1.0 1.3 
t o t a l v o l .% 
phenos. 31.4 42.0 36.8 38.5 39.6 35.9 35.4 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 
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Table 4.10.1 (continued) 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1983 LAVAS 

major oxides, weight % 

DK 16 DK 21 ES313 ES314 ES315 ES316 ES317 

Si02 47.48 48.00 47.99 47. 28 47.48 47.69 47.75 
A1203 16. 21 16.40 16.40 16.30 16.31 16.42 16.41 
Ti02 1.72 1.71 1.73 1.70 1.71 1722 1.71 
Fe203 3.32 3.75 4.38 3.56 3.47 3.40 4. 11 
FeO 7. 20 6.93 6. 19 6.81 7.00 6.98 6.33 
MgO 5.99 6.01 5.89 5.72 5.83 5.72 5.82 
CaO 10.55 10.35 10.54 10.43 10.57 10.52 10.42 
Na20 3.94 3.82 4.27 4.27 4.33 4.27 4.35 
K20 1.90 1.88 2.01 1.99 2.00 1.99 1.94 
MnO 0. 19 0. 20 0. 19 0. 19 0. 19 0. 19 0. 19 
P205 0.53 0.53 0.54 0.53 0.54 0.53 0.54 
H20+ 0.49 0.30 0.54 0.54 0.48 0.46 0.35 
CO 2 0. 10 0.00 0.26 0.33 0.30 0. 17 0. 13 

t o t a l 99,62 99.88 100.93 99.65 100.21 100.06 100.05 

t r a c e elements, ppm 

Sr 1218 1220 1236 1226 1237 1231 1233 
U 2 1 2 2 2 2 1 
Rb 44 49 45 45 45 46 45 
y 28 26 28 28 28 27 28 
Th 8 7 6 7 9 8 7 
Pb 6 6 8 5 4 5 8 
Ga 21 24 23 24 22 22 23 
Zn 98 102 98 98 99 97 95 
Cu 137 136 142 135 134 138 137 
Cr 38 40 47 41 38 38 35 
Ni 24 26 22 21 23 23 23 
Co 52 56 96 71 60 60 60 
Nd 38 51 56 48 53 48 53 
Sm 11 7 9 12 12 10 12 
Ce 137 148 135 144 147 140 148 
Ba 658 669 697 674 674 677 678 
La • 63 66 64 64 65 65 62 
Nb 50 51 51 50 51 51 51 
Zr 228 229 23 2 228 230 231 233 

volume % phenocrysts 

plag 25.4 19.5 24.3 23.0 22.6 21.6 20.9 
pyrox 11.8 11.4 8.4 9.9 13.0 10.7 13.5 
o l i v 5.5 3.0 3.4 1.5 3.5 1.9 1.9 
Ti-mag 1.7 1.7 1.6 1.4 1.7 1.4 1.9 
t o t a l v o l . % 
phenos 44.4 35.6 37.7 35.8 40.8 35.6 38. 2 

(FeO, H20+, C02 determined using the methods d e s c r i b e d i n chapter 2) 
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Table 4.10.1 (continued) 
WHOLE-ROCK CHEMISTRY AND MODAL PHENOCRYST DATA, 1983 LAVAS 

major oxides, weight % 

ES321 ES322 ES323 ES326 ES327 ES328 

Si02 46.93 48.27 47.87 48.00 47.41 47.97 
A1203 16.05 16.64 16.62 16.45 16.31 16.54 
Ti02 1.70 1.71 1.70 1.72 1.71 1.72 
Fe203 3.24 3.58 3.05 3.00 3.21 3. 10 
FeO 7. 17 6.86 7.30 7.47 7.31 7.28 
MgO 5.81 5.81 5.75 5.73 5.74 5.71 
CaO 10.54 10.53 10.40 10.51 10.46 10.44 
Na20 3.72 4.24 3.84 3.83 3.98 3.88 
K20 1.87 1.95 1.95 1.97 1.94 1.99 
MnO 0. 19 0. 20 0. 19 0. 19 0.20 0. 19 
P205 0.51 0.55 0.55 0.54 0.54 0.55 
H20+ 0.32 0.49 0.42 0.33 0.42 0.40 
CO 2 0.08 0.00 0. 14 0.00 0.08 0. 12 

t o t a l 98. 13 100.83 99.78 99.74 99.31 99.89 

t r a c e elements, p pm 

Sr 1203 1239 1219 1222 1217 1222 
U 0 2 1 2 0 2 
Rb 43 46 47 46 46 45 
Y 27 28 27 28 27 27 
Th 7 6 8 7 8 8 
Pb 6 4 3 8 6 5 
Ga 23 24 22 21 23 22 
Zn 99 97 100 98 101 101 
Cu 128 135 136 139 138 139 
Cr 40 38 40 41 41 44 
Ni 22 23 26 24 26 25 
Co 69 58 70 61 63 61 
Nd 51 51 48 49 52 47 
Sm 11 9 12 12 11 12 
Ce 138 150 146 136 140 154 
Ba 646 679 656 676 672 678 
La 59 62 63 65 65 67 
Nb 50 51 50 50 51 49 
Zr 226 23 2 23 1 23 2 230 231 

volume 
> 

% phenocrysts 

plag 19.5 21.9 20. 2 17.9 21.7 21.2 
pyrox 10.4 10.9 11.3 12. 1 12. 1 13.2 
o l i v 2.2 2.9 2. 1 3.5 2.8 3. 1 
Ti-mag 2.0 1.3 1.6 1.6 1.5 1.9 
t o t a l v o l . % 
phenos 34. 1 37.0 35. 2 35. 1 38. 1 39.4 

(FeO, H20+, C02 determined using the methods de s c r i b e d i n cha{ 
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Table 4. 10.2 
ERUPTIVE AGES AND CHEMICAL CHARCTERISTICS OF 1983 LAVA SAMPLES 

Sample No. Date of Eruptions Mixing Composition' 

DK 2 28/3 H-2 
DK 3 28/3 H-2 
DK 9 <1/4 H-2 
DK 6 <l/4 H-2 
DK 16 <2/4 H-2 
DK 11 2-3/4 H-2 
DK 8 3/4 EM-2 
DK 13 4/4 H-2 
DK 21 6/4 EM-1 
ES 314 7-17/4 H-1 
ES 316 17-26/4 H-1 
ES 317 21/4 H-2 
ES 313 21/4 EM-1 
ES 315 21/4 H-1 
ES 327 c.26/4 H-2 
ES 326 c.26/4 EM-2/H-1 
ES 3 22 26/4-15/5 H-2 
ES 3 28 >15/5 H-1 
ES 323 >15/5 H-1 

# < = e a r l i e r than; > = l a t e r than 
* H = hybrid; EM = end-member; 1 = l i n e a g e 1; 2 = l i n e a g e 2 
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Figure 4.10.1 
1983 LAVA FIELD 
southern flank 
(fissure eruption) 

• ' O K ' sample localities 

• ' E S ' sample localities RIf. Sapienza 

Mt. Vetort 

Mt Sena 

1 9 1 0 lava field 

Map of the 1983 lava f i e l d showing sample locations. Grid references 
and b r i e f descriptions of samples are given i n table 2.1 
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Figure 4.10.2 
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Figure 4.102 
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Figure 4.10.10 
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Mean lava output rate versus time during the 1983 eruption (after 
Annienti et. a l . , 1984) 

284 



4.11 Surmary 

This chapter has aimed t o investigate spatial ccnipositional v a r i a t i o n 

within lava f i e l d s from individual eruptive events and t o relate such 

variation t o probable causes. The ccit^jositional characteristics of the 

lava flows erupted fran 1910 to 1983 can be sunmarized as follows: 

1. Cbnsiderable spatial geochonical va r i a t i o n i s present i n a l l of 

the lava f i e l d s studied sons of which i s fractionation-

consistent. 

2. Sane of the variation can be correlated with petrographic 

v a r i a t i o n i n phenocryst abundances suggesting c r y s t a l 

fractionation processes. The extent of t h i s process i s 

inconsistent between d i f f e r e n t eruptions and the nature of the 

process i s also variable. 

3. Inconpatible trace element chemistry demonstrates tJ-iat a l l of the 

lava f i e l d s studied are the product of conplex nagma mixing 

events involving two or more end-member magmas. The end-member 

magmas appear to d i f f e r mainly i n terms of t h e i r inccnpatible 

trace element ratios and have similar rrajor element coipositions. 

4. In general, c r y s t a l fractionation i s shown t o overprint the 

effects of mixing resulting i n considerably scattered trace 

element p l o t s . Seme lavas, however, also shew evidence for 

pre-mixing fractionation (1911, 1971). 
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5 . In sane instances, a strong relationship exists between mixing 

and c r y s t a l fractionation processes ajid the r e l a t i v e ages and 

alt i t u d e s of sairples within the same suite. This information 

w i l l provide clues as t o the nature o f these processes i n the 

high-level plurrbing system of the volcano i n l a t e r chapters. 

286 



CHAPTER 5 

COMPOSITIONAL VARIATigJS BEIV/EEN IAV?\S ERUPTED BFIV/EEĴ  1910 AND 1983: 
Evidence f o r temporal changes i n lava chemistry 

5.1 Introduction 

Crystal fractionation and conplex mixing processes have been 

established as controls on spatial canpositional va r i a t i o n w i t h i n lavas 

belonging t o a l l of the eruptive events studied between 1910 and 1983. 

leaving defined these spatial corpositional characteristics, a 

ccnparison can be made between lavas belonging to separate eruptions i n 

order t o investigate carpositional v a r i a t i o n over t h i s time period. 

Recognition of possible tenporal variations i n lava chonistry could 

r e f l e c t the control of deep-level magmatic processes. 

This chapter has the following objectives: 

1. To define tenporal variation i n whole-rock chemistry and 

petrography caused by cry s t a l fractionation processes. 

2. To investigate t e t p o r a l v a r i a t i o n independent of the masking 

effects of cr y s t a l fractionation processes by: 

i ) Defining variations between the d i f f e r e n t lava f i e l d s using 

incorrpatible trace element r a t i o corposition and to investigate 

systematic tenporal changes i n incompatible element chemistry 

outside the range of variation caused by mixing. 
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i i ) CoT^iaring lava sanples fran each eniption at a constant 

fractionation index to define absolute p r e - f r a c t i o n a t i a i 

torporal variation i n chemistry. 

i i i ) Relating temporal chemical v a r i a t i o n t o the volcanological 

characteristics of each eruption studied t o isolate deep-level 

changes i n magma chenistry. 

3. To investigate conpositional connections between lavas fron 

d i f f e r e n t eruptions i n terms of magna mixing processes using 

inconpatible element chemistry and volcanological evidence. The 

establishment of tonporal conpositional v a r i a t i o n using the methods 

outlined above enables mixing relationships between magmas supplying 

d i f f e r e n t eruptions to be recognised. 

5.2 Teniporal Chemical and Petrographic Variation Caused by Crystal 
Fractionation Processes 

Crystal fractionation has been shown t o have affected the lavas fron 

most of the eruptions studied i n chapter 4. To study tenporal 

variatiion i n lava chemistry caused t y t h i s process, a l l data from the 

1910-1983 lavas f i e l d s are plotted on representative MgO vari a t i o n 

diagrams i n figures 5.1 to 5.4. As suggested i n chapter 4, va r i a t i o n 

i n major oxide and c c n ^ t i b l e trace element chemistry i s probably 

caused by cr y s t a l fractionation processes. The 1981 lavas are not 

represented on these plots because the analyses cannot be accuratby 

conpared with the data set covering the other flow f i e l d s because they 

lack i n t e r n a l precision (see section 4.9). 
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The MgO fractionation index shows a large va r i a t i o n of 3.0 to 6.4 

weight percent and A1203, Fe203 ( t o t a l ) , CaO and Cr exhibit strong 

fractionation consistent trends involving a l l data. The e a r l i e r lavas 

of 1910, 1911 and 1923 show the strongest i n t e r n a l variation, 

p a r t i c u l a r l y those of 1911. Post 1923 lavas show r e l a t i v e l y small 

in t e r n a l v a r i a t i c n caused by c r y s t a l f r a c t i o n a t i c n and cluster 

together. The clusters for each of the lava f i e l d s , however, show 

s l i g h t v a r i a t i o n fron one another along an over a l l fractionation 

consistent trend. The 1971 and 1983 sarrples are generally more basic 

i n character than e a r l i e r lava ca T^XDsitions and have an 1^0 content of 

5.6-6.2 weight percent. Data for the 1928, 1947 and 1964 lavas cluster 

togetlier shewing l i t t l e fractionation-induced variat i o n . These lavas 

have a similar coiposition t o the basic members of the 1910, 1911 

and 1923 lavas of "5-5.7 weight percent. The l a t e r 1971 and 1983 

lavas, therefore, appear to be s l i g h t l y more basic i n character than 

lavas fran e a r l i e r eruptions, l y i n g at the N^O-rich end of an over a l l 

fractionation trend. 

Figure 5.5 c l a r i f i e s the observed tenporal va r i a t i o n i n c r y s t a l 

fractionation by p l o t t i n g the range of MgO i n the lavas frcm each 

eruptive event studied against time. The p l o t c l e a r l y demonstrates 

tenporal change i n fractionation during the 1910-1983 period. The 

e a r l i e r lavas are characterised by large ranges i n MgO r e f l e c t i n g 

greater degrees of c r y s t a l fractionation which decreases markedly a f t e r 

1923 and creates very l i t t l e i n traflow v a r i a t i o n . The MgO l e v e l of the 

post 1923 lavas and the basic members of the e a r l i e r fractionated flows 

remains v i r t u a l l y constant except for the s l i g h t increase i n over a l l 

b a s i c i t y i n the 1971 and 1983 lavas. 
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The observed ten^xDral fractionation-consistent variation i s real and 

cannot be due t o sanpiing bias as the 1971 aixi 1983 lava f i e l d s , 

showing the least variation, are the most extensively sarrpled (chapter 

2). The systematic decrease i n the extent of c r y s t a l fractionation 

processes does not appear to be related to volcanological 

characteristics of the eruption i e . eruption type, location, volume of 

lava, duration (table 1.1). Such variation may, therefore, suggest 

changes i n the nature of high-level magma storage (assuming 

fractionation i s a high-level process, see chapter 6) a f t e r 1923 when 

the effects of fractionation are noteably reduced. In addition, the 

ove r a l l increase i n basicity of more recent lavas (1971 and 1*H83) could 

r e f l e c t deep-level changes i n nagne c c n ^ s i t i o n . 

5-3 Tenporal Variation i n Lava Ccmposition Independent of Crystal 
Fractionation 

5.3.1 Tonporal variations i n incompatible element r a t i o oOTipositions 

To establish corpositional variations i n magma conposition over the 

1910- 1983 period, a coiparison i s made between the lavas belonging t o 

each eruption i n terms of t h e i r inccnpatible element r a t i o chemistries 

which w i l l be unaffected by overprinting c r y s t a l fractionation 

processes. Such data are presented for each eruptive event i n turn i n 

cliapter 4 and are integrated on the inconpatible r a t i o plots i n figures 

5.6 - 5.8 which shew the mixing trends for the lavas of each lava 

f i e l d . 
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The f o l l o w i n g observations can be made frcm figiare 5.6, Ba/Rb vs K/Zr: 

i . There i s a large v a r i a t i o n between lavas f r a n d i f f e r e n t e r uptions 

forming an o v e r a l l , d i s t i n c t l i n e a r t r e n d w i t h a negative c o r r e l a t i o n 

between the two r a t i o s . This v a r i a t i c x i l i e s o u t s i d e the c a r p o s i t i o n a l 

range o f i n d i v i d u a l mixing trends which are randcmly o r i e n t a t e d . Ba/FEb 

v a r i e s between 13.5 and 21.3 and K/Zr ranges frcm 50 t o 73. 

i i . Mixing trends, present i n a l l lavas s t u d i e d , apparently become 

more extensive f o r the 1971 and 1983 eruptions which could be a r e a l 

phenomenon, or r e f l e c t the r e l a t i v e l y l a r g e r sanple s u i t e s c o l l e c t e d 

frcm these e r u p t i o n s . 

i i i . The v a r i a t i o n i s not^ably t e m p o r a l „ .. The o l d e s t lavas 

studi e d , 1910/1911, are r e l a t i v e l y poor i n K/Zr b u t . r e l a t i v e l y s t r o n g l y 

enriched i n Ba/Rb. The nsgma batches appear t o become p r o g r e s s i v e l y 

depleted i n Ba/Rb and enriched i n K/Zr through time, up t o the 1983 

lavas. The 1981 lavas (not shown) dev i a t e from the observed tim e -

r e l a t e d t r e n d which i s a t t r i b u t e d t o the f a c t t h a t 1981 sanples have 

been analysed using d i f f e r e n t XRF i n s t r u m e n t a t i o n and standards by 

Scott (1983). As such, these data ore not d i r e c t l y cotparable t o the 

other data o f t h i s study. However, one o f the 1981 sanples (81/10) was 

reanalysed w i t h the san^^les o f t h i s study and p l o t s on the tren d i n 

tertporal agreement w i t h the other sairples. This evidence f u r t h e r 

anphasizes the necessity f o r high a n a l y t i c a l p r e c i s i o n i n such a study 

and t h a t san^Jles analysed i n d i f f e r e n t batches on d i f f e r e n t i n s t r u n e n t s 

are not canparable. 
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The i n o o r p a t i b l e r a t i o p l o t s i n f i g u r e s 5.7 and 5.8 a l s o shew 

convincing t i m e - i n t e g r a t e d trends i n nRgne c o i p o s i t i o n . Figure 5.7 

shows both Zr/Fb and K/Rb r a t i o s t o decrease s i g n i f i c a n t l y between 1910 

and 1983 f r o n 7.4-4.6 and 4.1-3.1 r e s p e c t i v e l y . Nb/Rb and Y^Tx ( f i g u r e 

5-8), on the other hand, show a negative c o r r e l a t i o n w i t h i n the f l o w 

sequence w i t h Nb/Rb decreasing f r o n 1.9 t o 1-0 and K/Zr i n c r e a s i n g frcm 

48 t o 74 through time. 

I n c o r p a t i b l e element r a t i o c h o n i s t r y , t h e r e f o r e , shews convincing 

t e n p o r a l v a r i a t i o n between lavas belonging t o e r u p t i v e events between 

1910 and 1983. Lava chemistry shows a t i n i e - i n t e g r a t e d enrichment i n 

K/Zr and d e p l e t i o n i n Ba/Rb, Zr/Rb, K/Rb, and Nb/Rb r a t i o s . 

5.3-2 Chemical v a r i a t i o n between lava f i e l d s a t a constant 
f r a c t i o n a t i c n index 

C r y s t a l f r a c t i o n a t i o n processes have been shown t o be a l a t e stage 

o v e r p r i n t i n g event obscuring v a r i a t i o n caused by mixing (chapter 4 ) . 

Since f r a c t i o n a t i o n processes may a l s o obscure between-lava f i e l d 

c enpDsitional v a r i a t i o n s , i n c a r ^ ^ a t i b l e element r a t i o s were used i n 

s e c t i o n 5.3.1. t o e l i m i n a t e the e f f e c t . An a l t e r n a t i v e method o f 

studying p o s s i b l e tearporal v a r i a t i o n i s t o s e l e c t lava sanples frcm 

each lava f i e l d i n the 1910-1983 succession which share the same MgO 

f r a c t i o n a t i o n index. These sanples can then be ccnpared t o i n v e s t i g a t e 

p o s s i b l e tenporal v a r i a t i o n i n magma chemistry. Although t h i s method 

w i l l d e f i n e general v a r i a t i o n s between lavas, t h i s approach does not 

take i n t o account heterogeneity caused by mgma mixing and assumes a l l 

lavas t o have the same major oxide p a r e n t a l magma c o r p o s i t i o n . Section 

5.2 has shown t h a t the most basic lavas from each e r u p t i o n have a 
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s i m i l a r chemistry although there i s a s l i g h t increase i n b a s i c i t y 

i n the 1971 and 1983 lavas. 

A f r a c t i o n a t i o n index o f "5-3-5.5 weight percent MgO i s oonmon t o a l l 

lavas ( f i g u r e 5.8) and sair5>les frcm each o f then w i t h t h i s MgO 

concentration are p l o t t e d against age on f i g u r e 5.9. The inccn^aatible 

t r a c e elements, which are shown, by t h e i r r a t i o s , t o d e f i n e s p a t i a l and 

ten?x>ral changes i n lava oomposition are i n i t i a l l y represented on these 

p l o t s . The c o i p a t i b l e t r a c e elements together w i t h sane major elonents 

are a l s o p l o t t e d on such diagrams t o d e f i n e s i m i l a r e v o l u t i o n a r y 

changes. 

K20 ( f i g u r e 5.9) shows s i g n i f i c a n t t e n p o r a l v a r i a t i o n and an o v e r a l l 

increase w i t h time i s observed. There appears t o be r e l a t i v e l y l i t t l e 

v a r i a t i o n between 1911 and 1964 but a f t e r 1964 there i s a pronounced 

enrichment w i t h K20 r i s i n g s t e e p l y . For the same f^O concentration, 

the 1910 lava i s narkedly poorer i n potassium than the c l o s e l y r e l a t e d 

1911 and succeeding lavas. Rubidium behaves i n a s i m i l a r fashion t o 

potassium, showing an increase i n abundance between 1910 and 1983 

(36-45 ppm). Up t o 1947, Rb concentrations remain f a i r l y s t a b l e but a 

sudden, sharp enrichment occurs a f t e r 1964 which continues t o 1983. K 

and F!b enrichment i n recent lavas has a l s o been recorded by Tanguy and 

C h l o c c h i a t t i (198^) and Joron and T r e u i l (1984). 

Niobium has a c l e a r p a t t e r n o f i n i t i a l enrichment frcm 1910 t o 1928 

(59-63 ppm) f o l l o w e d by gradual d e p l e t i o n t o 1971 then f u r t h e r sudden 

d e p l e t i o n t o 1983 (51 ppm) t o a l e v e l below t h a t o f 1910. Zirconium 

shows an o v e r a l l decrease w i t h time, s t a r t i n g a t 265 ppm and d e p l e t i n g 
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t o around 231 ppm by 1983. The 1911 and 1971 lavas shew small 

i r r e g u l a r i t i e s i n the o v e r a l l t r e n d which may be caused by i n c o r p a t i b l e 

element heterogeneity w i t h i n i n d i v i d u a l lava f i e l d s . . 

Barium shews more s c a t t e r i n g on f i g u r e 5.9 which may r e f l e c t the 

l a r g e r e r r o r l i j i d t s f o r t h i s element. Pfcwever, as w i t h Zr and Mb, Ba 

does show general d e p l e t i o n through time f r o n approximately 785 ppm i n 

1910 t o 685 ppm i n 1983. The 1911 and 1971 lavas again show obvious 

d e v i a t i o n s f r a n the trend-

C o i p a t i b l e t r a c e elements n i c k e l and chrcmium show l i t t l e s i g n i f i c a n t 

temporal v a r i a t i o n and renain a t 20-22 and 30-33 ppa\ r e s p e c t i v e l y . 

S i m i l a r l y , other t r a c e elements such as Sr, Zn, and the major elements 

A l , Fe, Ca, T i and life remain a t v i r t u a l l y constant l e v e l s between 1910 

and 1983 ( f i g u r e 5,9). However, the s l i g h t l y more basic nature o f 

recent lavas (1971-1983) i s r e f l e c t e d i n s n a i l systematic v a r i a t i o n s i n 

lava c h o n i s t r y through time as shown by t l i e dashed l i n e s i n f i g u r e 5.9. 

The i n c c n ^ t i b l e elanents, t h e r e f o r e , appear t o show s i g n i f i c a n t 

temporal v a r i a t i o n , although the elements i n t h i s group do not a l l 

behave i n the same manner. The a l k a l i e s , rubidium and potassium, show 

o v e r a l l increase through time which i s p a r t i c u l a r l y pronounced a f t e r 

1964. Zirconium, niobium and barium, however, e x h i b i t a general 

d e p l e t i o n which i s a l s o more pronounced i n more recent lavas. 
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5.3.3 Volcanology and temporal chemical variation 

The observed time-integrated variaticai i n lava ccnposition i s related 

to the eruptive c h a r a c t e r i s t i c s of each event studied with the aim of 

establishing whether such variations represent evolving magma 

ceirposition caused by deep-level processes or high-level influences 

within the shallow plumbing system of the volcano. Deep-level 

processes causing teiporal variation should be independent of eruptive 

s t y l e and location ( i e . sumnit/flank a c t i v i t y , r i f t zone, altitude) but 

my be reflected i n the output c h a r a c t e r i s t i c s of the lava ( i e . volumes 

erupted). 

Volcanological information oonceming the nature of each eruptive event 

studied are presented i n table 1.1 and chemical ccn^^arisons between the 

different flew f i e l d s have been discussed e a r l i e r in t h i s chapter. The 

observed temporal enrichment i n K20 and Fb and depletion in Ba, Nb, and 

Zr cannot be correlated with l o c a l i t y and s t y l e of en-^Jtion, volume 

erupted and duration of eruption. This suggests that magma fed up into 

the high-level system was changing systematically through time i n terms 

of i n c c n ^ t i b l e element chemistry which must r e f l e c t deep-level 

processes. The tenporal increase i n b a s i c i t y of 1971 and 1983 lavas 

may a l s o r e f l e c t deep-level processes. The nature of such deep-level 

nagnatic processes i s discussed i n chapter 6. 

Although the time-integrated variation i s generally independent of 

physical volcanological constraints, the narked change i n inconpatible 

element chonistry a f t e r 1964 i s associated with a period of increased 

eruptive volumes fron individual events. The 1971 and 1983 eruptions 
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produced unusually h i g h volumes o f lava: 75 and 100xl0*6m"3 

r e s p e c t i v e l y , con^sared t o a l l o f the e a r l i e r events o f t h i s study b ut 

the 1981 e r u p t i o n , hovever, d i d not produce an unusually high volume o f 

lava. Although the post-1964 p e r i o d shows increased ert^ative volumes 

f o r some events, the o v e r a l l output r a t e o f the volcano throughout the 

pe r i o d studied has remained unchanged a t 0.21m^sec'* (Wadge and Guest, 

1881; Chester e t . a l . , 1985). 

5-4 C o r p o s i t i o n a l Links Between Lavas Belonging t o D i f f e r e n t Erupticxis: 
Evidence f r a n I n c a r p a t i b l e Element Chemistry and Volcanology 

Frcm the evidence i n f i g u r e 5.6, end-members t o mixing trends appear t o 

get p r o g r e s s i v e l y Ba/Rb poorer and K/Zr r i c h e r w i t h time, although the 

mixing trends o f t e n extend back i n t o 'older' c o i p o s i t i o n a l dcmains 

( r e l a t i v e l y Ba/Rb r i c h and K/Zr p o o r ) . This phenorienon i s e x h i b i t e d 

p a r t i c u l a r l y w e l l by the 1971 lavas i n which one o f the mixing 

end-members i s extremely Ba/Rb depleted and K/Zr enriched r e l a t i v e t o 

the o l d e r flows and p o s s i b l y represents the nearest estimate o f the new 

1971 l i q u i d o a t p o s i t i o n . The mixing t r e n d f o r t h i s f l ow i s rooted back 

i n the 1910/1923 region which may i n d i c a t e mixing o f the new 1971 magma 

w i t h e a r l i e r nagma conpositions. I t was noted e a r l i e r t h a t t l i e 1971 

and 1983 mixing trends are more extensive than e a r l i e r ones. The l a r g e 

jump i n G C f f t p o s i t i o n from pre-1971 lavas, which a l l have close o v e r a l l 

i n c o n p a t i b l e element chemistries, t o the 1971 c c n p o s i t i o n ( f i g u r e 5.6) 

could e x p l a i n why mixing trends are l a r g e r f o r l a t e r lavas i f thay have 

mixed w i t h o l d e r coi^xDsitions o f s t r o n g l y c o n t r a s t i n g c c n p o s i t i o n . 

The strong o v e r l a p o f the mixing trends f o r the ol d e r lavas could a l s o 

represent mixing o f new magma batches, beccming p r o g r e s s i v e l y Ba/Rb 
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depleted and K/Zr enriched, with older hybrid or end-member magmas. 

The tenporal closeness of these flews i s reflected by r e l a t i v e l y small 

changes in ocmposition ocyipared to those of the 1971 and 1983 lavas. 

Mixing relationships between lavas from dif f e r e n t eruptions can be 

tentatively determined on the inconpatible element rat i o s plots such as 

figure 5.6. For exanple, the 1910 and 1911 lavas appear to share a 

COTmon end-monber which i s shown to be the oldest oorrposition according 

to the proposed schore (figures 5.6-5.8). The 1910 magma appears to 

have mixed with the oormon end-meriber and the l a t e r 1911 magma 

( r e l a t i v e l y Ba/Rb depleted and K/Zr enriched) has mixed with both the 

cannon end-member and a s l i g h t l y diferent l i q u i d to create the double 

trend. 

Mixing relationships, such as that observed between the 1910 and 1911 

lavas, cannot be as c l e a r l y recognised for most other lavas because of 

the inevitable lack of a catplete record for the ccnplex mixing events 

over the period studied. However, a sin ^ J l i f i e d model identifying 

probable mixing relationships between different batclies of magma 

supplying the separate events can be made and nearest contaminants can 

be i d e n t i f i e d . 

The two 1923 mixing trends have a conmon end-member near to the 

1910/1911 cannon end-member caiposition which could r e s u l t fron tvso 

s l i g h t l y d i f f e r e n t 'new' magma oon^sositions mixing with the 1910/1911 

end member. The 1928, 1947 and 1964 lavas seOT to share, or have very 

similar, 'new' nagmatic con^aositions but have mixed with a variety of 

older, Ba/Rb enriched magmas. The 1928 mixing trend i s rooted near to 
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the 1911 end-member and the 1947 lavas may be l i n k e d , together w i t h a 

second mixing l i n e , t o a 1923-related c a i p o s i t i o n . 

The l i k e l y mixing i n t e r a c t i o n s between magmas supplying d i f f e r e n t 

eruptions a t d i f f e r e n t t i j n e s , described i n d e t a i l f r a n f i g u r e 5.6, are 

on the whole recognis_able on f i g u r e s 5.7 and 5.8, although the 

r e l a t i o n s h i p s are o f t e n not as c l e a r and are apparently r a t h e r more 

coTplex. The closeness i n age o f nany o l d e r lava o a r p o s i t i o n s creates 

d i f f i c u l t y i n r e l a t i n g them w i t h i n e r r o r l i m i t s . 

Such ctoservations provide o a i p o s i t i o n a l evidence f o r mixing 

i n t e r a c t i o n s between magmas belonging t o d i f f e r e n t e r u p t i v e events. 

The i n o o n p a t i b l e element chemistry o f the lavas has been shown t o 

change s y s t e m a t i c a l l y through time and newer magmas appear t o mix w i t h 

o l d e r magmatic o c t i p o s i t i o n s . These i n t e r a c t i o n s can be l i n k e d t o 

vo l c a n o l o g i c a l observations such as f i s s u r e h e i g h t , o r i e n t a t i o n and 

l o c a l i t y . 

The e s t a b l i s h e d s i i t p i i f i e d chemical associations between lavas from 

each e r u p t i o n are sumrarized beicw: 

' New' Magma Contaminating Magma 

1911 1910 

1923 1911 

1928 1911 o r 1923 

1947 1923 

1971 1923/1928 
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The 1910 and 1911 a s s o c i a t i o n i s the most convincing on the 

i n c a n p a t i b l e r a t i o p l o t s ( f i g u r e s 5.1 t o 5.3) w i t h both lava batches 

sharing a ocuimon mixing end-member. Both events are r i f t eruptions 

f r a n the southern and northeast r i f t zones r e s p e c t i v e l y . Hcwever, both 

flow f i e l d s were en^Jted from a p p r o x i n a t e l y the same a l t i t u d e , a t 2750m 

and 250an a . s . l . r e s p e c t i v e l y , shewing t h a t the feeder dykes f o r these 

eruptions were a t the same he i g h t i n the plumbing system. 

Consequently, i n t e r a c t i o n o f magmas associated w i t h these events (which 

were separated o n l y by a few months) i s p l a u s i b l e . The two fl e w f i e l d s 

may i n f a c t belong t o the same e r u p t i v e episode associated w i t h r e l a t e d 

magma batches. I t i s noteworhty t h a t the f i r s t erupted lavas f r o n the 

1911 e r u p t i o n belong t o mixing lineage 2 ( s e c t i o n 4.3, chapter 4) which 

i s thought t o have been produced by the mixing o f a f r e s h magma and an 

end-member w i t h a h y b r i d c c n p o s i t i o n l y i n g between new 1911 magma and 

1910 magma. 

The 1923 and 1911 f l o w f i e l d s are s p a t i a l l y c l o s e l y associated and 

t h e i r e r u p t i o n s i t e s occur a t app r o x i n a t e l y the same a l t i t u d e (250an 

a . s . l . ) . The e a r l i e r (higher) s e c t i o n o f the 1923 f i s s u r e t r e n d i s 

o r i e n t a t e d NNE as opposed t o the lower s e c t i o n which trends ME p a r a l l e l 

t o the 1911 f i s s u r e ( f i g u r e 4.4.1). Three sanples have been c o l l e c t e d 

f r a n the e a r l i e s t e r u p t i c n s i t e on the 1923 fl o w f i e l d and t w o f these 

appear t o be end-members (which may o r may not be hy b r i d s ) and one 

sanple i s a d e f i n i t e h y b r i d . A l l samples on the IcwermDst f i s s u r e 

s e c t i o n are mixed. I t appears t h a t the changes i n the 1923 f i s s u r e 

o r i e n t a t i o n t o becone p a r a l l e l t o the 1911 tren d coincides w i t h 

i n t e n s i f i c a t i o n o f mixing, perhaps by stronger mixing i n t e r a c t i o n w i t h 
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the 1911 fi s s u r e system and the residual magma i n i t . 

The 1928 lavas on the eastern flcink bear no s p a t i a l relationship with 

any of the previous en-^Jtions, being s i t e d abnormally i n respect to a l l 

recent flank eruptions (see section 4.5). The highest 1928 eruption 

s i t e , however, i s similar to that of the older 1923 and 1911 s i t e s a t 

2300-205an a . s . l . and contamination of the 1928 magna batch with 1923 

or 1911 batch ccnpositions are most appropriate i n terms the magma 

chemistry. 

The 1947 lavas were erupted on the northeast flank i n close s p a t i a l 

association with the 1911 and 1923 lavas, a l l of which have 

sub-parallel f i s s u r e trends. The i n i t i a l a l t i t u d e of t h i s eruption i s 

s l i g h t l y higher than the other flows but the eruptive s i t e s reach down 

to 2225m a . s . l . making i t possible for mixing interactions to take 

place with the e a r l i e r 1911 or 1923 magna batclies i n the dyke system. 

The 1971 lavas on the eastern flank show a strongly contrasting new 

magma ccirposition i n terms of incanpatible element chonistry i n 

ccmparison to e a r l i e r lavas. The main 1971 mixing trend i s rooted back 

amongst older magna batches. The f i s s u r e s of t h i s eruption l i e 

p a r a l l e l to those of the 1928 eruption s i t e ; both 1971 and 1928 lavas 

were erupted fran the same al t i t u d e of *'300an a . s . l . 

The 1983 eruption on the south flank of the volcano shews no apparent 

association, chemically or volcanologically, with the e a r l i e r flows of 

th i s study. The mixing of 1983 magma nay have involved contaminating 

magmas which are not represented i n the r e l a t i v e l y large time gap i n 
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sanpling since the 1971 eruption. A 1981 magma coiposition i s a 

possible contaminant which has a similar eruption height of 240an 

a . s . l . and the one sanple (81/10) reanalysed from the vork of Soott-

(1983) for t h i s study i s chemically similar, having a s l i g h t l y 'older' 

con:position (figure 5.6). 

Inccnpatible element chemistry, therefore, provides evidence for mixing 

relationships betwe^ magmas fran d i f f e r e n t en^Jtive events. Such 

relationships can be v e r i f i e d by volcanolgical infornation, related 

magma batches caimonly share comon eruptive a l t i t u d e s and i n sane 

cases, close s p a t i a l association and sim i l a r f i s s u r e orientations. I t 

can also be demonstrated that flow f i e l d s on opposite flanks of the 

volcano, sharing the same feeder dyke a l t i t u d e show strong 

caiipositional magna mixing relationships i n terms of t h e i r chemistry 

(eg. 1910/1911 association). 

5-5 Sunmary 

A coT^jarative study between lavas i n the succession of the eruptive 

events of 1910 to 1983 reveals the following information: 

1. The eff e c t s of c r y s t a l fractionation decreases s i g n i f i c a n t l y a f t e r 

1923, having a minimal influence on whole-rock chemistry thereafter. 

301 



The 1971 and 1983 lavas appear t o be s l i g h t l y more basic i n character 

than e a r l i e r ones. This v a r i a t i a i cannot be r e l a t e d t o changing 

v o l c a n o l o g i c a l c h a r a c t e r i s t i c s o f the en-^itions and may r e f l e c t changes 

i n the nature o f h i g h - l e v e l magma storage a f t e r 1923. 

2. Time-integrated v a r i a t i o n i n magma con p o s i t i o n i n terms o f 

incOTpatible element r a t i o s i s observed d u r i n g the 1910-1983 e r u p t i o n 

p e r i o d . I n general, there i s a decrease i n Ba/Rb, Zr/Rb, K/Rb and 

Nb/Rb and an inrease i n K/2ir r a t i o s i n successive nagma batches 

represented by i n d i v i d u a l e r u p t i o n s . 

3. Temporal, or i n t e r f l o w - f i e l d , chemical v a r i a t i o n a t a constant 

f r a c t i o n a t i o n index i s shown by the incon^satible elements only. K and 

Rb show te n p o r a l enrichment w h i l s t Zr, Mb and Ba show o v e r a l l d e p l e t i o n 

which i s p a r t i c u l a r l y pronounced a f t e r 1964. This v a r i a t i o n appears t o 

be independent o f h i g h - l e v e l processes and cannot be r e l a t e d t o 

v o l c a n o l o g i c a i c o n s t r a i n t s such as l o c a l i t y o f e r u p t i o n suggesting 

magma con p o s i t i o n i s changing due t o deep-level processes. However, 

the change i n lava chemistry i s associated w i t h a p e r i o d o f unusually 

h i g h e r u p t i v e volumes o f lava f r a n i n d i v i d u a l events although the 

o v e r a l l output r a t e o f the volcano remains unchanged. 

4. Good evidence f o r mixing between magmas supplying d i f f e r e n t 

e r u p t i o n s i s observed on i n c o r t p a t i b i e element r a t i o p l o t s ( f i g u r e s 5.6 

t o 5.8). I t can be demonstrated t h a t 'new' batches o f magna mix w i t h 

'older' compositions from previous eruptions i n a very conplex nanner. 
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I t i s only possible t o i d e n t i f y general r e l a t i o n s h i p s between lavas as 

mixing i s established t o be very c a i p l e x and many gaps i n e v i t a b l y e x i s t 

i n the data s e t . Furthermore, a s i g n i f i c a n t p r o p o r t i o n o f the nagma 

may not have been erupted. 

5. The v o l c a n o l o g i c a l c h a r a c t e r i s t i c s o f the lava f i e l d s provides 

f u r t h e r informaticai f o r i n t e r a c t i o n between magmas supplying d i f f e r e n t 

e r u p t i o n s . Many lava f i e l d s shown t o be chemically r e l a t e d o f t e n share 

the same e r u p t i v e a l t i t u d e and are i n close s p a t i a l a s s o c i a t i o n on the 

same r i f t zone although t h i s i s not always the case (eg. the 1910 and 

1911 lavas show a convincing c o t p o s i t i o n a l r e l a t i o n s h i p but are erupted 

cn opposite f l a n k s a t the same h e i g h t ) . The t i m i n g o f mixing events 

can a l s o be traced, i n sane cases, by changing f i s s u r e o r i e n t a t i o n s and 

i n t e r a c t i o n w i t h e a r l i e r dyke systems. 
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A1203 vs r^O plot for a l l lava sanples collected fron the 1910 - 1983 
lava fields (except 1981 sanples for reasons stated in text). 
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Fe203 (total) vs MgO plot for a l l lava samples collected from the 1910 -
1983 eruptions (except 1981 samples for reasons stated in text). 
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CHAPTER 6 

DISCUSSIO?} 

6.1 I n t r o d u c t i c j n 

I t has been established i n the preceeding chapters t h a t the lavas 

erupted from Mount Etna between 1910 and 1983 record evidence i n t h e i r 

petrography and geochemistxy f o r several superinposed magmatic 

processes. These are: 

1. Deep-Level Processes - Time-integrated v a r i a t i o n i n lava chemistry 

suggests magmatic processes o f probable deep-level o r i g i n independent 

o f v o l c a n o l o g i c a l c o n s t r a i n t s . 

2. Mixing - Lava geochemistry and volcanology provides evidence t h a t 

new magmas mix w i t h one o r more batches o f o l d e r magma t o produce 

heterogeneous lava f i e l d s . 

3. C r y s t a l F r a c t i o n a t i o n - Post-mixing f r a c t i o n a t i o n processes are 

reoognisi^able i n the lavas o f most eruptions studied f r o n petrographic 

and geochemical evidence. 

I t i s the aim o f t h i s chapter t o discuss t>ie nature o f these processes 

and t h e i r r e l a t i o n s h i p s i n order t o c o n s t r u c t a model f o r the 

e v o l u t i o n o f magmas supplying the Etnean lavas, 1910-1983, from the 

mantle source t o the p o i n t o f e r u p t i o n . 
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6.2 Deep-Level Processes 

Syst^TBtic tertporal v a r i a t i o n w i t h i n the 1910-1983 lavas i s recorded 

i n i n c o T p a t i b l e t r a c e element chemistry. Such v a r i a t i o n has been 

argued i n chapter 5 t o be o f probable deep-level o r i g i n , independent 

o f h i g h - l e v e l volcanology, and o v e r p r i n t e d by l a t e r , h i g h - l e v e l , 

mixing and subsequent c r y s t a l f r a c t i o n a t i o n processes. The lavas a l s o 

becane s l i g h t l y rtore basic through time which may a l s o record 

deep-level processes. 

6.2.1 Causes o f T e s r ^ r a l I n c o n p a t i b l e Element Ratio V a r i a t i o n 

Time-integrated v a r i a t i o n i n lava i n c c n p a t i b l e elonent chemistry takes 

the form o f t e i r p o r a l enrichment o f K and Rb w i t h ccnplimentary 

d e p l e t i o n o f Ba, Nb, and Zr w i t h s i g n i f i c a n t changes i n the r a t i o s o f 

these elements (chapter 5 ) . I h r e e p o s s i b l e deep-level magmatic 

processes may be responsible: 

i . Contamination by c r u s t a l n a t e r i a l s 

i i . Metasanatic processes i n the mantle source region 

i i i . P a r t i a l m e l t i n g processes i n the source region 
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i ) . C r u s t a l Contamination 

Tanguy and C l o c c h i a t t i (1984) and Joron and T r e u i l (1984) have 

recorded an increase i n K, Rb, and t o a l e s s e r e x t e n t , Cs i n lavas 

since 1971 i n agreorient w i t h the f i n d i n g s o f t h i s study. This 

enrichent i s argued by the above authors t o represent deep-level 

processes, Joron and T r e u i l proposing t h a t i t i s due t o s e l e c t i v e 

d i f f u s i o n o f K, Rb and Cs frcm basenent rocks. S i m i l a r l y , C l o c c h i a t t i 

a t . a l . (1986) argue t h a t the recent a l k a l i anonaly i n lavas since 

1970 i s due t o the abrupt encounter o f magma w i t h contaminating 

p h r e a t i c systems i n the sedimentary basement beneath Etna. 

The t e n p o r a l v a r i a t i o n o f i n c a n p a t i b l e elsnent abundances and r a t i o s , 

p a r t i c u l a r l y over the l a s t two decades, i s probably not r e l a t e d t o 

s i g n i f i c a n t c r u s t a l contamination f o r the f o l l o w i n g reasons: 

a) The beliaviour o f those incompatible t r a c e elements studied i s not 

c o n s i s t e n t w i t h contamination; Zr, Nb and, t o a lesser extent, Ba 

show o v e r a l l d e p l e t i o n w h i l s t K and Rb are enriched through time. 

Progressive a s s i m i l a t i o n o f c r u s t a l m a t e r i a l frcm deep basenent 

g r a n u l i t e s or from shallow carbonate/argillaceous m a t e r i a l (Chester 

e t . a l . 1985) may p r e f e r e n t i a l l y e n r i c h the more incompatible and 

mobile elements such as K and Rb, but could not cause the t e n ^ r a l 

d e p l e t i o n o f Zr, Nb, and Ba. The t e n ^ o r a l d e p l e t i o n o f these elements 

can o n l y r e f l e c t imgma source c h a r a c t e r i s t i c s but the enrichment o f 

the a l k a l i s could represent source c h a r a c t e r i s t i c s or contamination. 
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b) I s o t o p i c study o f Etnean lavas, i n c l u d i n g a few from the recent 

a l k a l i c s e r i e s , by Carter and C i v e t t a (1977) reveal low 86Sr/87Sr 

r a t i o s o f 0.70352 and hi g h Pb values. This evidence argues against 

any s i g n i f i c a n t c r u s t a l contamination. However, very few sanples f r a n 

the 1910 - 1983 succession have been analysed f o r . radiogenic i s o t o p i c 

r a t i o s and abundances so t h i s evidence alone cannot c o n c l u s i v e l y r u l e 

out contamination as the cause o f the t a t p o r a l v a r i a t i o n i n the 

inccn?5atible elements. 

c) C r u s t a l x e n o l i t h s have not been recorded i n any o f the lavas 

st u d i e d . I n a d d i t i o n , contamination w i t h the t h i c k sedimentary 

sequences o f the u f ^ r c r u s t seems u n l i k e l y due t o the r a p i d ascent o f 

magna f r a n the deep storage r e g i o n . I n a d d i t i o n , i f the magma 

ascended r a p i d l y and t o r e o f f c r u s t a l x e n o l i t h s , there v»ould be no 

time f o r them t o melt c a r p l e t e l y and one would t h e r e f o r e expect t o 

f i n d a dense s u i t e o f such x e n o l i t h s i n the lava. Since t h i s i s not 

observed, i t i n p l i e s t h a t x e n o l i t h s f r a n t l i e w a l l rocks are not 

incorporated i n t o the magma. 

d) ThoT^JSon e t . a l . (1982) have studied the behaviour o f tr a c e 

elements i n a l k a l i b asalts and hawaiites f r a n Skye and Mull which have 

undergone i s o t o p i c a l l y - d e f i n e d a n ^ h i b o l i t i c and g r a n u l i t i c c r u s t a l 

contamination. The contamination i s shown t o a f f e c t abundances and 

r a t i o s o f Ba, F!b, 1h, K, Sr and LREE but not Nb, P, Zr, Y and HREE. 

Tlie chondri. te-normalised t r a c e element p l o t s i n f i g u r e s 6.1a and 6.1b 

shew p a t t e r n s f o r uncontaminated and g r a n u l i t e / a n p h i b o l i t e f a c i e s 

contaminated Skye lavas r e s p e c t i v e l y . K and Ba shew a strong 

enrichment (Kb and Th t o a lesser e x t e n t ) w i t h a s t r a i g h t e n i n g o f the 
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downwards curved LREE p a t t e r n i n the contaminated lavas. 

The basement rocks o f eastern S i c i l y are nost l i k e l y t o belong t o the 

Calabride Ccnplex o f g r a n i t e s , gneisses and s c h i s t s o f s i m i l a r 

l i t h o l o g y t o those o f the Hebridean area (Chester e t . a l . 1985) and 

t h e r e f o r e oontamination, p a r t i c u l a r l y i n the deep c r u s t a l storage 

region (the most l i k e l y source area f o r contamination i n the Icwer 

c r u s t before r a p i d ascent o f the magma), may produce s i m i l a r e f f e c t s 

i n t h e Etnean lavas. A l l sanples frcm the 1911 lavas and 

re p r e s e n t a t i v e sanples from the other lavas are p l o t t e d on a s i m i l a r 

chondrite-normalised t r a c e element diagram . ( f i g u r e 6.1c) using the 

normcilisation f a c t o r s o f Thcmpson e t . a l . (1982). The Etna lavas have 

the same Sr isotope r a t i o s as the mDre i n c c n ^ t i b l e element depleted, 

uncontaminated Skye lavas (Carter and C i v e t t a 1977) but show mucli 

stronger LREE, Ba, Rb, Th, K and Nb enrichment v^/hich must r e s u l t f r o n 

other deep-level processes. The less i n c o n p a t i b l e elements t o the 

r i g h t o f the LREE's show gradual d e p l e t i o n w i t h decreasing 

i n c o n ^ j a t i b i l i t y , a p a t t e r n c o n s i s t e n t w i t h p a r t i a l m e l t i n g . The 

ciarves f o r the Etna lavas do not resemble the contaminated, higher 

86Sr/87Sr lavas from Skye, l a c k i n g the strong Ba and K peaks and 

saw-tooth v a r i a t i o n p a t t e r n o f the l a t t e r . This evidence suggests 

t h a t the Etna lavas have not been s i g n i f i c a n t l y contaminated w i t h 

a m p h i b o l i t e / g r a n u l i t e basement rocks. 

The strong coherence i n behaviour o f the t r a c e elements f o r a l l Etna 

lavas ( f i g u r e 6.1c), p a r t i c u l a r l y the more i n c o r i p a t i b l e elements t o 

th e l e f t o f La and Ce (which are most v a r i a b l e d u r i n g contamination), 

f u r t h e r argues against basement contamination d u r i n g the studied time 
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p e r i o d . I f contamination i s causing the enrichment, i t s e f f e c t s on 

t r a c e elements would probably not be as c o n s i s t e n t through time and 

hence the observed p a t t e r n mDst probably r e f l e c t s the o r i g i n a l 

c h a r a c t e r i s t i c s o f the magma source region. Furthermore, the observed 

terrporal v a r i a t i o n i n these t r a c e elements ( t o o small t o be picked up 

on f i g u r e 6.1c) cannot be r e l a t e d t o v a r y i n g degrees o f contamination 

o f basement rock because, according t o Thc^t^json e t . a l . (1982), 

incre a s i n g contamination would r e s u l t i n higher K, Rb and Ba (+LREE) 

but l i t t l e change i n Nb and Zr. The a c t u a l decrease i n Nb, Zr, and Ba 

accorpanied by a very marked increase i n K and Rb i s d i f f i c u l t t o 

r e c o n c i l e w i t h basement contamination (as mentioned i n a, above) o f 

t h i s k i n d . 

i i ) . Metascmatism and Source Region Heterogeneity 

The Etna lavas are strongly" enriched i n LILE elements r e l a t i v e t o the 

generalised p r i m i t i v e mantle (Wood e t . a l . 1979), as shown i n chapter 

3 and by C r i s t o f o l i n i e t . a l . (1981). Enrichment o f K, Rb, Sr, Ba, 

LE^, T i , Nb, Zr, P, U and Th i n a l k a l i b a s a l t s i s thought t o be 

d i a g n o s t i c o f mantle metasonatism ( B a i l e y , 1982; Frey, 1984; 

W i l t s h i r e , 1984; Eoettcher and O'Neil, 1980; Menzies and Murtliy, 1980, 

Roden and Murthy, 1985; Lloyd and Bailey, 1975; Menzies, 1983; Harte, 

1983; Dawson, 1984; and C r i s t o f o l i n i e t . a l . , 1981 and 1984). 

Metasonatism i s proposed t o be precursory t o alJcali magmatism, 

c o n t r o l l i n g chemical and i s o t o p i c c h a r a c t e r i s t i c s o f the lavas and i s 

documented by many workers, i n c l u d i n g Wass e t . a l . (1980), VJass and 
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Itogers (1980), Menzies and Murthy (1980), Menzies and VJass (1983), 

Uoyd and Bai l e y (1980), Boettcher and O'Neil (1980), Bailey, (1987). 

The metasomatised mantle source i s g e n e r a l l y regarded t o be w i t h i n the 

l i t h o s p h e r i c mantle. However, F i t t o n (1987) has r e c e n t l y pointed out 

t h a t c o n t i n e n t a l and oceanic l i t h o s p h e r i c mantle have s t r o n g l y 

c o n t r a s t i n g h i s t o r i e s ; c o n t i n e n t a l l i t h o s p h e r i c mantle i s very o l d and 

has evolved w i t h the o v e r l y i n g c o n t i n e n t a l c r u s t and i s thus h i g h l y 

enriched i n LILE's, whereas oceanic l i t h o s p h e r i c mantle i s r e l a t i v e l y 

young and depleted i n LILL. The c o n t r a s t i n g p r o p e r t i e s suggest t h a t 

the chemistry o f c o n t i n e n t a l and oceanic a l k a l i b a s a l t s should be 

d i f f e r e n t . However, they have alrrost i d e n t i c a l LILE chemistries 

leading F i t t o n t o argue f o r s i m i l a r asthenospheric mantle sources f o r 

b a s a l t s i n these two environments. 

Although the r e s u l t s o f metasomatic processes are w e l l documented, the 

a c t u a l nature o f the process i s s t i l l u n c e r t a i n (Roden and Murthy, 

1985). The metasomatising f l u i d s have been proposed by Spera (1981) 

and Schneider and Bggler (1984) t o be i n c i p i e n t melts r i c h i n C02 and 

H20 and h i g h l y mobile, l o c a l l y scavenging and d e p o s i t i n g i n c o r t p a t i b l e 

elements d u r i n g upward m i g r a t i o n . Mysen (1983) has a l s o shown t h a t -

H20 and C02 r i c h f l u i d s are good c a r r i e r s o f i n c o n ^ t i b l e elements a t 

mantle pressures. The metasaiiatism i s seen t o be associated w i t h 

l o c a l i s e d mantle degassing and d i a p i r i s m (Menzies and Murthy, 1980) 

and degassing o f a large region o f mantle through l o c a l i s e d areas o f 

release thus h i g h l y concentrating the incompatible elements i n those 

areas ( B a i l e y , 1980). The e f f e c t s o f metascmatism are seen i n 

mantle-derived nodules or x e n o l i t h s i n a l k a l i b a s a l t s and k i i n b e r l i t e s 

which c o n t a i n metascmatic veins o f p a r g a s i t i c amphibole, phlogopite. 
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b i o t i t e , and a p a t i t e (Lloyd and Bail e y 1975, Menzies 1983, Dawson 

1984). The l i t h o s p h e r i c o r i g i n o f these x e n o l i t h s , however, may mean 

t h a t they are not derived from the source o f most a l k a l i b a s a l t s which 

may be i n the asthenosphere ( F i t t o n , 1987) but they are nevertheless 

evidence f o r n a n t l e metascnatism-

Menzies and Murthy (1980) have presented evidence t h a t enrichment i s 

vciri a b l e w i t h i n and between vo l c a n i c centres and t h a t m u l t i p l e phases 

o f metasoratic f l u i d s from i s o t o p i c a l l y d i s t i n c t sources can e n r i c h 

the mantle heterogeneously on a l o c a l scale. Boettcher and O'Neil 

(1980) i n a d d i t i o n show t h a t metasanatism r e s u l t s i n a chemically 

heterogeneous mantle producing k i l a n e t e r - s c a l e zones. 

As a consequence o f LILE enrichment dur i n g metasomatism, £hi and Nd are 

f r a c t i o n a t e d causing the Sin/Nd r a t i o t o decrease i n the metascmatised 

n e n t l e . The I47Sm-143Nd i s o t o p i c system i s t h e r e f o r e u s e f u l i n 

c o n s t r a i n i n g the age o f metasanatism. Mantle x e n o l i t l i s f r o n a l k a l i 

b a s a l t s ccmnonly have h i g h 143Nd/144Nd r a t i o s w i t h respect t o 

chondrites i i r p l y i n g h i g h Shi/Nd, but show low Sn/Nd elemental r a t i o s . 

The measured 87Sr/86Sr r a t i o s are a l s o lower than the bulk e a r t h 

i i r p l y i n g low Rb/Sr r a t i o s whereas the a c t u a l Rb/Sr elemental r a t i o s 

are o f t e n higher than the bu l k e a r t h . I h i s decoupling o f i s o t o p i c and 

elemental data, i n d i c a t i n g i s o t o p i c d e p l e t i o n on the one hand b u t LREE 

enrichment on the othe r , i s i n t e r p r e t e d as evidence f o r metasomatic 

mantle enrichment j u s t p r i o r t o p a r t i a l m e l t i n g (Menzies and Murthy, 

1980; Carter e t . a l . , 1978; Worry and F i t t o n 1983). Thus, 

metasomatism may be c l o s e l y associated, and a p o s s i b l e source region 

precursor t o a l k a l i magmatism wliich i s f u r t h e r supported by t l i e f a c t 

324 



t h a t i s o t o p i c ccn^xDsitions o f host b a s a l t s o f t e n overlap w i t h those o f 

metasoTBtic minerals i n i n c l u s i o n s (Menzies and Murthy, 1980; Wass and 

Rogers, 1980; Boettcher and O'Neil, 1980). Metasomatism may i n f a c t 

be responsible f o r the onset o f p a r t i a l m e l t i n g (Spera, 1981; Olafsson 

and Eggler, 1983) hy depressing s o l i d u s tenperatures and t r i g g e r i n g 

anatexis. 

Carter and C i v e t t a (1977) and Carter e t . a l . (1978) c a r r i e d out a 

study o f Sr, Pb and Nd isotopes i n S i c i l i a n v o l c a n i c s , i n c l u d i n g a few 

recent sanples from Etna. The r e s u l t s show t h a t the upper mantle 

beneath Etna i s i s o t o p i c a l l y heterogeneous and has undergone a ccnplex 

e v o l u t i o n . According t o Carter and C i v e t t a (1977), i s o t o p i c v a r i a t i o n 

w i t h i n a s i n g l e flew u n i t i n d i c a t e s the scale o f the heterogeneity t o 

be small. The a l k a l i c lavas show h i g h 143Nd/144Nd values i n d i c a t i n g a 

depleted source f o r LREE ( i e h i g h Sm/Nd). However, Ce/Yb r a t i o s show 

LREE enrichment and t o account f o r t h i s apparent c o n t r a d i c t i o n , Carter 

and C i v e t t a (1977) argue f o r a source region undergoing very recent 

enrichment i n LREE which i s not r e f l e c t e d by the isotope chemistry, 

a n a l l degrees o f p a r t i a l m e l t i n g o f a depleted mantle i n order t o 

increase the Ce/Yb r a t i o i s dismissed due t o the very small degrees o f 

mel t i n g r e q u i r e d . 

An explanation f o r the v a r i a t i o n o f i n c o n p a t i b l e elements i n the Etna 

lavas d u r i n g the stud i e d time p e r i o d may t h e r e f o r e r e f l e c t v a r i a t i o n s 

i n t r a c e elements i n tlie upper mantle and melting o f a heterogeneously 

enriched source r e g i o n . The K and Rb enriched lavas may represent 

progressive m e l t i n g o f a chemically c o n t r a s t i n g mantle volume more 

enriched i n these elonents than Zr, Nb and Ba. A l t e r n a t i v e l y , K and 

325 



Fib, being nore i r o b i l e and i n c o n ^ a t i b l e than the other elements, could 

be enriched p r e f e r e n t i a l l y i n the already LILE enriched source by very 

recent metasomatic processes, p a r t i c u l a r l y over t l i e l a s t two decades. 

This would cause the sudden increase i n K and Rb. I n a d d i t i o n , K and 

Rb metasonBtic enrichment wDuld p r o g r e s s i v e l y lower m e l t i n g 

tenperatures, hence w i t h more metasonatism, the amount o f p a r t i a l 

m e l t i n g would increase f o r a given t o i p e r a t u r e . This would cause a 

d i l u t i o n and observed decrease i n Zr, Nb, and Ba abundances and thus 

produce t e n p o r a l changes i n the i n c o r t p a t i b l e element r a t i o s . 

I t i s a l s o o f s i g n i f i c a n c e t h a t the increase i n K and Fib abundances, 

e s p e c i a l l y i n lavas since 1964/71, has approximately coincided w i t h an 

increase i n the output o f the volcano (Guest and Duncan pers. ccnm.) • 

This nrey show t h a t t l i e proposed l a t e - s t a g e metasomatism, e n r i c h i n g K 

and Ftb i n the source, may have caused increased m e l t i n g and magma 

production (Spera 1981, Olafsson and Eggler 1983). 

( i i i ) . P a r t i a l M e l t i n g Processes 

Trace element v a r i a t i o n s between lavas f r o n d i f f e r e n t eruptions i s 

a t t r i b u t e d t o v a r i a t i o n i n upper mantle c c n p o s i t i o n probably caused by 

metasomatic processes as o u t l i n e d i n the discussion above. 

A l t e r n a t i v e models could i n v o l v e v a r i a t i o n i n the degree o f p a r t i a l 

melting•processes i n a homogeneous enriched mantle source or a 

coti b i n a t i o n o f both models. 

Varying degrees o f p a r t i a l m e l t i n g i n a homogeneous source \AOuld liave 
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the e f f e c t o f a l t e r i n g the p r o p o r t i o n s o f the i n o c n p a t i b l e t r a c e 

elenents i n the melt. With i n c r e a s i n g p a r t i a l m e l t i n g t h e 

inoorrpatibles w i l l decrease i n abundance i n d i f f e r i n g p r o p o r t i o n s , 

w i t h the more i n c c n ^ t i b l e eleanents being most s t r o n g l y d i l u t e d . 

Hcwever, the problem a r i s e s again o f how t o achieve an enrichment o f 

seme incar¥>atible elements but a d e p l e t i o n i n o t h e r s . The observed 

chanical v a r i a t i o n , t h e r e f o r e , cannot be e n t i r e l y associated w i t h 

d i f f e r e n c e s i n peurtial m e l t i n g i n a hanogeneous source. 

6.2.2 Causes o f Terrporal Increase i n Lava B a s i c i t y 

The lavas erupted between 1910 and 1983 f r a n Etna shew a s l i g h t 

o v e r a l l increase i n MgO content and become more basic, p a r t i c u l a r l y 

a f t e r 1971 along an o v e r a l l , temporal f r a c t i o n a t i o n c o n s i s t e n t t r e n d 

( f i g u r e s 5.1-5-5). This i s enphasized by the more c a l c i c nature o f the 

1981 and 1983 p l a g i o c l a s e phenocrysts i n corparison t o those f r o n 1910 

lavas (chapter 3) This v a r i a t i o n l i e s o u t s i d e the c o r p o s i t i o n a l range 

seen w i t h i n i n d i v i d u a l lava f i e l d s caused by c r y s t a l f r a c t i o n a t i o n . 

The recent t r a c h y b a s a l t s erupted from Etna do not represent p r i m i t i v e 

magma c c r p o s i t i o n s (Duncan and Guest, 1982). Even the most basic 

hawaiites have M' values o f less than 0.58 (the M' value representing 

Mg):Mg + 0.85 (Fe" + Fe'")] a f t e r Cox (1980)). Priinary magmas de r i v e d 

from mantle n a t e r i a l are characterised by M' values greater than 0.65. 

Furthermore, Rhodes ard EXingan (1977) have shown t h a t primary magmas 

derived from p e r i d o t i t e s should c o n t a i n approximately 200-300ppm 

n i c k e l , whereas the Etnean lavas g e n e r a l l y c o n t a i n less than 20ppm 

n i c k e l . 
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EXmcan and Guest (1982) have suggested t h a t the p a r e n t a l nagma f o r the 

Etna lavas i s derived frcm a rrore p r i m i t i v e magma which has undergone 

high-pressure c r y s t a l f r a c t i o n a t i o n o f ferrortegnesian phases w i t h i n 

the deep c r u s t a l storage r e s e r v o i r (see chapter 1 ) . More evolved, 

h a w a i i t i c magms are p o s t u l a t e d t o separate frcm the denser cumulates 

and r i s e t o higher l e v e l s where they may undergo f u r t h e r , lew-pressure 

f r a c t i o n a t i o n . 

High pressure f r a c t i o n a t i o n o f o l i v i n e and pyroxene alone i n n a t u r a l 

h a w a i i t e i s demonstrated by the experimental work o f Knutson and Green 

(1975) i n n a t u r a l h awaiites, as discussed i n chapter 3. These authors 

observed t h a t o l i v i n e and pyroxene can c r y s t a l l i s e a t pressures 

equivalent t o the depth o f the deep storage region beneath Etna and 

t h a t l i q u i d u s p l a g i o c l a s e i s r e s t r i c t e d t o lew pressures a t a h i g h 

l e v e l i n the plumbing system. I h i s supports the argument t h a t 

f r a c t i o n a t i o n - c o n s i s t e n t v a r i a t i o n w i t h i n each o f the lava f i e l d s 

s tudied i s o f a. h i g h - l e v e l o r i g i n as p l a g i o c l a s e i s shown t o be a 

f r a c t i o n a t i n g phase together w i t h pyroxene and o l i v i n e (chapter 4 ) . 

However, the t e n p o r a l f r a c t i o n a t i o n - c o n s i s t e n t v a r i a t i o n should 

i n v o l v e o n l y pyroxene and o l i v i n e w i t h p l a g i o c l a s e being suppressed i f 

t h i s vcuriation o r i g i n a t e s w i t h i n the deep storage region beneath the 

volcano. Unfortunately, i t i s not p o s s i b l e t o evaluate t e n p o r a l 

v a r i a t i o n s i n phenocryst abundances due t o the masking e f f e c t s o f 

h i g h - l e v e l f r a c t i o n a t i o n processes which are h i g h l y v a r i a b l e as 

discussed i n s e c t i o n 6-3. 

Ihe g e n e r a l l y more basic lavas o f 1971-1983 w i t h higher M' values than 

328 



ecurlier lavas w i t h i n the studied succession, could r e f l e c t 

high-pressure c r y s t a l f r a c t i o n a t i c n i n the deep storage region, these 

lavas representing less f r a c t i o n a t e d h a w a i i t e s . The increased basic 

nature o f these lavas can be l o s e l y c o r r e l a t e d w i t h the enrbhment o f K 

and Rb (which cannot be r e l a t e d t o the e f f e c t s o f decreased 

f r a c t i o n a t i o n since the i n o c n p a t i b l e r a t i o s change) and a p e r i o d o f 

increased e r u p t i v e volumes. Larger than normal melt batcJies could be 

e n t e r i n g the deep storage region ( p o s s i b l y r e l a t e d t o recent 

metasonatic a c t i v i t y and greater p a r t i a l m e l t i n g as discussed e a r l i e r ) 

and released t o the h i g h - l e v e l system f a s t e r than normal thus reducing 

the p e r i o d f o r f r a c t i o n a t i o n o f the p r i m i t i v e rtegma. 

6.2.3 Sumnary 

T e n ^ r a l v a r i a t i o n i n the incon^^atible e l ^ n e n t chemistry o f the lavas 

erupted between 1910 and 1983 are probably r e l a t e d t o the nature o f 

the upper mantle source region, e i t h e r by 1. p a r t i a l m e l t i n g from 

d i f f e r e n t mantle volumes w i t h c o n t r a s t i n g chexnistry, or 2. p a r t i a l 

m e l t i n g from a constant mantle volume v^.hich has been enriched very 

r e c e n t l y (during the p e r i o d studied) i n K and Fb w i t h respect t o Ba, 

Zr, and Nb. 

Recent enrichment o f t l i e source region causing l a r g e r volumes o f 

p a r t i a l melt t o be produced could be responsible f o r the l a r g e r 

e r u p t i v e volumes c h a r a c t e r i s t i c o f the p e r i o d 1971-1983. 
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Tenporal changes i n the b a s i c i t y o f the lavas r e l a t e s t o the o v e r a l l 

c o n t r o l o f h a w a i i t e corqposition by high-pressure c r y s t a l f r a c t i o n a t i o n 

o f o l i v i n e and pyroxene. The increase i n b a s i c i t y w i t h time could be 

due t o a decrease i n the residence time o f f r a c t i o n a t i n g hawaiite i n 

the deep-storage region a t 16-24km (Sharp e t . a l . , 1980). 
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6.3 Magma Mixing and C r y s t a l F r a c t i o n a t i o n 

6.3.1 I n t r o d u c t i o n 

Following generation i n a probable heterogeneous source, successive 

magma batches w i t h d i s t i n c t i n c o r p a t i b l e element c h a r a c t e r i s t i c s enter 

the volcano's plumbing syston. Here, s p a t i a l chemical and 

mi n e r a l o g i c a l v a r i a t i o n s i n the lavas record c o i p l e x mixing and c r y s t a l 

f r a c t i o n a t i o n processes. 

An understanding o f the nature o f these processes w i t l i i n the plumbing 

system requires a knowledge o f the present day v o l c a n o l o g i c a l framework 

o f Etna. I n a d d i t i o n t o the discussion i n chapter 1, the plumbing 

system i s described b r e i f l y belcw. 

I n essence, magma r i s e s f r o n i t s mantle source and enters a deep 

c r u s t a l storage area ("'20km deep) which i s l i k e n e d t o a dyke plexus 

(Sharp e t . a l . 1980). The mgma then leaves t h i s area, a f t e r 

f r a c t i o n a t i n g t o a ha w a i i t e c o i ^ s i t i o n , e i t h e r a t a constant r a t e or 

i n pulses i n response t o the l o c a l s t r e s s f i e l d (Chester e t . a l . 1985) 

and fo l l o w s a r a p i d , t o r t u o u s f r a c t u r e - c o n t r o l l e d route i n the c e n t r a l 

conduit system t o the h i g h l e v e l system. The e r a t i c nature o f magma 

ascent i s recorded by co t p l e x p l a g i o c l a s e c r y s t a l norphologies as 

o u t l i n e d i n chapter 3. Volcanological and p e t r o l o g i c a l evidence 

suggests t h a t a t present there i s l i t t l e h i g h - l e v e l storage o f magma on 

Etna (Duncan and Guest 1982, Guest and Duncan 1981, Murray and Guest 

1982, Chester e t . a l . 1985). 
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I n the h i g h - l e v e l system, the magma can e i t h e r r i s e f r e e l y up the open 

c e n t r a l conduit t o feed s e i s m i c a l l y q u i e t p e r s i s t e n t suninit a c t i v i t y , 

or can pa s s i v e l y or f o r c i b l y enter r a d i a l dyke systeins onanating f r o n 

the c e n t r a l conduit and opened by r e g i o n a l t e c t o n i c s or by the pressure 

o f the ascending iragma. Ihe dyke f i l l i n g , accorpanied by s i g n i f i c a n t 

seismic a c t i v i t y , u l t i i n a t e l y r e s u l t s i n f l a n k e ruptions f r a n f i s s u r e s 

by tlie i n t e r s e c t i o n o f the dyke's upper surface w i t h the topography. 

The opening o f the f i s s u r e s d i v e r t s magma f r a n the c e n t r a l conduit 

allowing the lava t o be released t o the surface a t higher e f f u s i o n 

r a t e s than through the small c r o s s - s e c t i o n a l area o f the c e n t r a l 

conduit i n the sumnit area (Chester e t . a l . 1985). S i g n i f i c a n t volumes 

o f magma nay however f i l l already opened dyke-ways without being 

detected s e i s m i c a l l y or by ground deformation s t u d i e s . G r a v i j r e t r i c 

data support passive oqDlaceinent o f magma i n t o dykes and i d e n t i f y 

en^Jlacement events several mDnths before eruption, i t i s not p o s s i b l e 

t o e s t i i r a t e how much magma i s stored as such. I n a d d i t i o n , the output 

o f lava may only represent a small p a r t o f the magma budget fed from 

depth, the r e s t may resid e i n the conduit or i n t r u d e the volcanic p i l e 

(Chester e t . a l . 1985). 

6.3.2 Magma Mixing 

I n c c n p a t i b l e element chemistry demonstrates t h a t the lavas from each 

e r u p t i o n studied are thoroughly h y b r i d i s e d . The mixing processes 

responsible can be f i r m l y argued t o take place w i t h i n the h i g h - l e v e l 

plumbing system o f the volcano frcm the evidence presented below. 
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The most c c n p e l l i n g evidence f o r h i g h - l e v e l mixing i s derived frcm 

i n t e g r a t e d v o l c a n o l o g i c a l and geochenical observations described i n 

chapters 4 and 5. F i r s t l y , many e r u p t i v e events, f o r exanple, those o f 

1928 and 1983, show t h a t the age/eruptive a l t i t u d e o f the lava can be 

r e l a t e d t o d i s t i n c t mixing miseries. For exairple, many eruptions 

produce lavas which e x h i b i t 3 (or more) -carponent magma mixing t r e n d s ; 

f i r s t erupted lavas o f t e n belong t o one mixing l i n e w h i l s t l a t e r 

saiTples c o n t a i n r e p r e s e n t a t i v e s from a l l mixing trends. This 

r e l a t i o n s h i p i n d i c a t e s t h a t some mixing must occur iirmediately p r i o r 

t o , o r du r i n g e r u p t i o n . 

Secondly, lavas belonging t o d i f f e r e n t e r u p t i v e events which are shown 

t o be r e l a t e d by magma mixing (chapter 5 ) , eg. 191&4-1911, 1928+1911/ 

1923; share the same f i s s u r e heights but may erupt frcm d i f f e r e n t r i f t 

systems. This r e l a t i o n s h i p suggests t h a t the m i x i n g - r e l a t e d magma 

batches from d i f f e r e n t eruptions share the same fissure/dyke system 

where mixing must be t a k i n g place. 

Further evidence f o r h i g h - l e v e l mixing ccmes frcm the heterogeneous 

nature o f the lavas. Although the lavas are w e l l mixed i n v o l v i n g 

m u l t i p l e end-member conponents i n many cases, mixng was not thorough 

enough t o c c n p l e t e l y hanogenise t l i e magma. I f mixing took place i n the 

deep c r u s t a l storage area, then ccnplete hcmogenisation might be 

expected d u r i n g the r a p i d ascent up a long, narrow conduit; mixing i n a 

conduit has been shown by Blake and Cairpbell (1986) t o be a very 

e f f i c i e n t process. 

333 



Having es t a b l i s h e d t h a t mixing i s o f probable h i g h - l e v e l o r i g i n , a more 

d e t a i l e d p i c t u r e o f the nature o f the process can be achieved f r a n the 

i n f o r m a t i o n a v a i l a b l e . 

The h i g h - l e v e l plumbing system o f Etna must o f f e r s i g n i f i c a n t passive 

magma storage and i s probably charged w i t h a v a r i e t y o f old e r melts 

frcm preceding e n ^ j t i o n s . The lew heat loss o f the magma expected 

w i t h i n the t h i c k v o l c a n i c p i l e should enable o l d e r magmas t o reside i n 

the h i g h - l e v e l system f o r long periods w i t h o u t c r y s t a l l i z i n g 

s i g n i f i c a n t l y . This storage could be e i t h e r i n the h i g h - l e v e l c e n t r a l 

conduit system o r i n the ccnplex o f r a d i a l dykes. New magma e n t e r i n g 

the h i g h - l e v e l systOT would t h e r e f o r e mingle w i t h o l d e r magmas (defined 

by i n c a i ^ a t i b l e element c h o n i s t r y ) r e s i d i n g t h e r e . I n chapter 5, i t 

was e s t a b l i s h e d t h a t f r o n t e n p o r a l changes i n the i n c a r p a t i b l e element 

chemistry o f the lava, t h a t new magma mixes w i t h o l d e r magma 

c o i p o s i t i o n s . 

Assuming t h a t most eruptions are fed v i a the c e n t r a l conduit system, 

e i t h e r i n t o r a d i a l dykes or t o the sunmit, sane magma mixing must take 

place between new and r e s i d u a l magma here since sunmit lavas (eg. 1964 

la v a s ) , which have not entered the dyke system, are mixed. Hcwever, i t 

i s a l s o argued t h a t magma mixing may a d d i t i o n a l l y take place i n the 

dyke systems feeding f l a n k e ruptions because these are the most l i k e l y 

havens f o r r e s i d u a l o l d e r magmas f r o n e a r l i e r e r u p t i o n s . This model i s 

supported by the f a c t t h a t those lavas f r o n d i f f e r e n t eruptions r e l a t e d 

by magma mixing share the same dyke a l t i t u d e s , as discussed e a r l i e r . A 

h i g h - l e v e l dyke system a t a p a r t i c u l a r h eight may be charged w i t h magma 

frcm an e a r l i e r e r u p t i o n which fed f l a n k a c t i v i t y . A f o l l o w i n g , newer 
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batch o f magma e n t e r i n g the h i g h - l e v e l system may f o l l o w the same/ 

easiest route along the dykes u t i l i s e d d u r i n g the previous e r u p t i o n . 

The dykes w i l l probably c o n t a i n l e f t - o v e r magma frcm e a r l i e r a c t i v i t y 

and the magmas w i l l mix. Some o f t h i s o l d e r magna may have 

f r a c t i o n a t e d t o e x p l a i n the pre-mixing f r a c t i o n a t i o n recorded i n the 

1911 and 1971 lavas. A l t e r n a t i v e l y , a dyke being propogated and f i l l e d 

by new magma nay i n t e r s e c t other dykes f i l l e d w i t h o l d e r magma al s o 

r e s u l t i n g i n mixing. 

The evidence presented, t h e r e f o r e , shows t h a t mixing could take place 

both i n the h i g h - l e v e l c e n t r a l conduit systen and i n the r a d i a l dyke 

system. Most eruptions show evidence f o r more than one mixing event, 

f o r exanple, a main mixing t r e n d between t\JO magmas and a second, 

l a t e r , t r e n d i n t e r s e c t i n g the main one apparently r e s u l t s frcxn a h y b r i d 

on the main t r e n d mixng w i t h a t h i r d magma, eg. 1983 lavas. I n the 

case o f the 1983 lavas, sanples belonging t o the l a t e r , second t r e n d 

are f i r s t t o be erupted i n d i c a t i n g a l a t e mixing event p r i o r t o / d u r i n g 

e r u p t i o n . I n t h i s case, the f i r s t , main mixing t r e n d could have been 

created by i n i t i a l mixing o f new magma w i t h r e s i d u a l magma i n the 

c e n t r a l corK3uit o r as i t entered the dykes. As the h y b r i d i s e d negma 

propc^ated along the dyke i t must have encountered more r e s i d u a l magma 

of a d i f f e r e n t c o n p o s i t i o n e i t l i e r r e s i d i n g i n an open dyke-way o r i n 

another dyke which was i n t e r s e c t e d and tapped d u r i n g the propagation o f 

the main dyke. The f i r s t lavas erupted from the second mixing t r e n d 

were erupted a t a note^ably higher e f f u s i o n r a t e than l a t e r d u r i n g the 

e r u p t i o n when e f f u s i o n r a t e slowed down w i t h the e r u p t i o n o f lavas frcm 

both mixing trends. This suggests p o s s i b l e mixing on e r u p t i o n by the 

main dyke i n t e r s e c t i n g and tapping another contaminating magma source 
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causing the hi g h e f f u s i o n r a t e ; as the volume and pressure o f the 

contaminating magma waned, e f f u s i o n r a t e slowed dcwn. 

Although such a model i s spe c u l a t i v e , the ocnplex nature o f the mixing 

w i t h i n a l l lavas studied must i n v o l v e s i m i l a r m u l t i p l e mixing events i n 

the h i g h - l e v e l system t o e x p l a i n the lava chemistry. The evidence 

suggests t h a t mixing takes place i n the c e n t r a l conduit and i n the 

r a d i a l dykes p r i o r t o and during e r u p t i o n although each e r v p t i v e event 

w i l l have a unique mixing h i s t o r y . Furthermore, as discussed i n the 

f o l l o w i n g s e c t i o n , the nagma i n the dykes must be mixed t o a l l o w f o r 

post-™.xing f r a c t i o n a t i o i p r i o r t o e r u p t i o n i n those lavas which shew 

such evidence, r u l i n g out syn-eruption mixing f o r such lavas. 

A d d i t i o n a l evidence f o r h i g h - l e v e l mixing can a l s o be obtained f r a n 

petrographic evidence. F i r s t l y , mixing t e x t u r e s preserved i n t h i n 

s e c t i o n were described i n chapter 3. The t w c o n t r a s t i n g groundmass 

conponents must represent d i f f e r e n t melts a t c o n t r a s t i n g ttatperatures 

which have been mixed together. Tto achieve t h i s , the corponent w i t h 

the coarser groundmass must have been a t a lower temperature than the 

magma w i t h which i t mixed and had probably resided i n the h i g h l e v e l 

system before mixing. New, h o t t e r magma e n t e r i n g the h i g h - l e v e l system 

may liave then mixed w i t h i t causing a c h i l l i n g o f the new magma; 

c o n t r a s t i n g groundmasses being produced upon e r u p t i o n w i t h the more 

r a p i d c r y s t a l l i s a t i o n o f the h o t t e r magna r e s u l t i n g i n a glassy 

groundmass. However, i t i s unclear whether these t e x t u r e s represent 

the chemically recorded mixing i d e n t i f i e d i n t h i s study. A d e t a i l e d 

t r a c e element study o f the d i f f e r e n t conponents i n such sanples i s 

requir e d . 
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Secondly, the discussion i n chapter 3 concerned w i t h p l a g i o c l a s e 

c r y s t a l morphology established t h a t some chemical and morphological 

features o f the c r y s t a l s could record mixing events. The ccn$>lex 

i n t e r n a l morphological c h a r a c t e r i s t i c s are concluded t o have formed 

duri n g magma ascent r e f l e c t i n g changing P~T c o n d i t i o n s . Ho^vever, l a t e 

stage features o f type 1 pl a g i o c l a s e s , such as r e s o r p t i o n a l features 

and reverse zoning, could be a t t r i b u t e d t o mixing, as discussed i n 

chapter 3. Such features could e q u a l l y r e s u l t frcm c r y s t a l 

f r a c t i o n a t i o n , although they are observed i n the 1983 lavas which show 

l i t t l e evidence f o r c r y s t a l f r a c t i o n a t i o n . Therefore, i f these 

p l a g i o c l a s e features do represent mixing i t can be argued t h a t mixing 

must be a h i g h - l e v e l process since the s t a b i l i t y f i e l d f o r p l a g i o c l a s e , 

as shown by Knutson and Green (1975) and discussed i n chapter 3, 

r e s t r i c t l i q u i d u s c r y s t a l l i s a t i o n t o shallow depths. Furthermore, the 

possib l e mixing record i n the p l a g i o c l a s e phenocrysts occurs on the r i m 

o f the c r y s t a l s a f t e r the e f f e c t s o f magma ascent on c r y s t a l 

morphology. S i m i l a r l y , the v a r i a t i o n s i n Fe/P^ content o f o l i v i n e 

cores w i t h i n s i n g l e sanples, as discussed i n chapter 3, could record 

the mixing o f nagmas. 

6-3.3 F r a c t i o n a t i o n 

Seme o f the recent lavas studied on Etna show the e f f e c t s o f s i m l l 

amounts o f c r y s t a l f r a c t i o n a t i o n which, i n the m a j o r i t y o f cases, i s 

shown t o be post-mixing. The e f f e c t s o f such f r a c t i o n a t i o n are 

observed p a r t i c u l a r l y i n the 1910, 1911 and 1923 lavas masking the 
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e f f e c t s o f mixing vshich i n t u r n masks te i r p o r a l t r a c e element v a r i a t i o n 

between the lavas. C r y s t a l f r a c t i o n a t i o n i s shcMn t o in v o l v e a l l major 

phenocryst phases i n c l u d i n g p l a g i o c l a s e . This post-mixing f r a c t i o n a t i o n 

must take place i n the h i g h - l e v e l plumbing system since mixing i s 

esta b l i s h e d t o occur e i t h e r i n the the h i g h - l e v e l c e n t r a l conduit 

system o r i n r a d i a l dykes. Pre-mixing f r a c t i o n a t i o n i s , i n a d d i t i o n , 

thought t o occur w i t h i n the 1911 lavas and i s a l s o probably h i g h - l e v e l , 

lew pressure since p l a g i o c l a s e i s a f r a c t i o n a t i n g pliase. The r o l e o f 

high-pressure f r a c t i o n a t i o n was discussed e a r l i e r i n t h i s chapter which 

probably involves ferromagnesian phases o n l y and takes place i n the 

deep rreigma storage area whex'e p a r e n t a l magmas evolve t o hawaiites. The 

s l i g h t t e n p o r a l increase i n the b a s i c i t y o f the lavas probably r e f l e c t s 

deep-level f r a c t i o n a t i o n . However, as s p a t i a l , f r a c t i o n a t i o n -

c o n s i s t e n t v a r i a t i o n w i t h i n lava f i e l d s i s , on the vvhole, post-mixing 

and i n v o l v e s p l a g i o c l a s e , t h i s must record a l a t e r h i g h - l e v e l process. 

C r y s t a l f r a c t i o n a t i o n i n the h i g h - l e v e l plumbing system a f t e r mixing 

could occur i n the r a d i a l dykes where Murray and Guest (1982) have 

shewn t h a t magma may reside f o r periods between several months t o years 

before e r u p t i o n , a n a l l amounts o f f r a c t i o n a t i o n i n a h y b r i d negna body 

could t h e r e f o r e occur d u r i n g t h i s p e r i o d . I f t h i s i s the case then the 

dykes w i l l be v e r t i c a l l y zoned i n respect i n t o phenocryst abundances 

which w i l l be r e f l e c t e d by changes i n lava composition d u r i n g e r u p t i o n . 

VVhen a i n t e r s e c t s the surface the top o f t l i e dyke i s drained f i r s t 

which should c o n t a i n the most f r a c t i o n a t e d magma which should be 

followed by more basic lavas and cumulates from lower l e v e l s i n the 

dyke. 
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Tenporal c o n t r o l f o r sane o f the sanples c o l l e c t e d from the succession 

o f e r u p t i v e events stu d i e d i s p o s s i b l e , p a r t i c u l a r l y f o r the l a t e r 

eruptions o f 1981 and 1983; t h i s was discussed i n chapter 4. Lava 

flews which show strong evidence f o r probable h i g h - l e v e l c r y s t a l 

f r a c t i o n a t i o n and have seme temporal c o n t r o l f o r sairples c o l l e c t e d f r o n 

them belong t o the 1911, 1923, and 1981 f l a n k e r u p t i o n s . The f i r s t 

erupted lavas f r o n each o f these events are cLLways the rrost 

f r a c t i o n a t e d . Scott (1983), i n a study o f the 1981 lava f i e l d , has 

presented p a r t i c u l a r l y strong evidence f o r a v e r t i c a l l y zoned dyke i n 

respect t o phenocryst abundances ( f i g u r e 4.9.9). Scott showed t h a t 

phenocryst abundances, p a r t i c u l a r l y pyroxene and p l a g i o c l a s e , increase 

w i t h i n c r e a s i n g age and decreasing a l t i t u d e o f e r u p t i o n . These 

eruptions do not show any r e l a t i o n s h i p between the mixed o a r p o s i t i o n o f 

the lavas and a g e / a l t i t u d e o f e r u p t i o n i n d i c a t i n g t h a t mixing must take 

place w e l l before e r u p t i o n thus a l l o w i n g time f o r post-mixing 

f r a c t i o n a t i o n . I n a d d i t i o n , lava flCMS belonging t o eruptions which 

are not s t r o n g l y f r a c t i o n a t e d (eg. 1983 lavas) do show a r e l a t i o n s h i p 

between mixing and age o f e r u p t i o n i n d i c a t i n g p o s s i b l e syn - e r u p t i o n 

mixing (as discussed e a r l i e r ) or a very short p e r i o d before mixing and 

e r u p t i o n . 

This evidence, t h e r e f o r e , suggests t h a t c r y s t a l f r a c t i o n a t i o n has 

occurred i n the dykes p r i o r t o sane o f the f l a n k eruptions studied. I t 

a l s o shows t h a t mixing must take place p r i o r t o / d u r i n g the f i l l i n g o f 

the dykes i n such lavas. Consequently, the extent o f h i g h - l e v e l 

f r a c t i o n a t i o n e x h i b i t e d by the lavas can be used as an e s t i m a t i o n o f 

the l e n g t h o f time h y b r i d i s e d magma was stored i n the dykes p r i o r t o 
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e r u p t i o n . The lavas o f 1910, 1911, and 1923 are s i g n i f i c a n t l y nnore 

f r a c t i o n a t e d than post-1923 lavas which may r e f l e c t s h o r t e r residence 

tijTies p r i o r t o e r u p t i o n f o r magma fed t o the h i g h - l e v e l system since 

1923. 

Although t h e r e i s f i r m evidence f o r c r y s t a l s e t t l i n g processes i n the 

dykes p r i o r t o sane e r u p t i o n s , the process o f flcwage d i f f e r e n t i a t i o n 

i n the conduit and i n the dykes d u r i n g f i l l i n g and e r u p t i o n (Simkin 

1967, Konar 1972, Richardson 1979, Ross 1986) may be an a d d i t i o n a l 

mechanism t o e x p l a i n sane o f the f r a c t i o n a t i o n - c o n s i s t e n t v a r i a t i o n 

observed i n the lavas. I h i s rray be a v a l i d process p a r t i c u l a r l y i n 

those lavas which shew very s l i g h t f r a c t i o n a t i o n y e t al s o i n d i c a t e t h a t 

mixing took place very s h o r t l y before/during e r u p t i o n (eg. 1983 lavas) 

and sunmit lavas (1964) which have not entered the dyke systems. 

During the process o f flowage d i f f e r e n t i a t i o n , c r y s t a l s move, i n t o the 

faster-moving c e n t r a l p a r t o f the dyke l e a v i n g fewer c r y s t a l s near t o 

the w a l l s . Mechanical i n t e r a c t i o n s develop between phenocrysts d u r i n g 

the flow o f a magma through a dyke o r s i l l which r e s u l t s i n a g r a i n 

d i s p e r s i v e pressure. The g r a i n d i s p e r s i v e pressure remains constant 

across the f l o w w i d t h and due t o the increase i n the v e l o c i t y g r a d i e n t 

as the w a l l s are approached, the conc e n t r a t i o n o f the phenocrysts must 

decrease t o maintain the d i s p e r s i v e pressure. This process explains the 

observed concentrations o f phenocrysts i n the centres o f many dykes and 

s i l l s and w i l l have the same e f f e c t upon lava chemistry as c r y s t a l 

s e t t l i n g . Flowage d i f f e r e n t i a t i o n i n feeder dykes could, t h e r e f o r e , 

e x p l a i n small degrees o f f r a c t i o n a t i o n i n lavas erupted s h o r t l y 

before/during mimig and i n lavas erupted f r a n the sunmit. 
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I f f r a c t i o n a t i o n occurs i n the dykes a f t e r mixing, i t f o l l o w s t h a t i f a 

new magma mixes w i t h an o l d e r magna r e s i d i n g i n a dyke (as suggested 

e a r l i e r ) , then the o l d e r magma i s l i k e l y t o have undergone seme 

f r a c t i o n a t i o n before mixing as shewn by the 1911 and 1971 lavas 

(chapter 4 ) . The degree o f f r a c t i o n a t i o n v s d l l depend on the i n t e r v a l 

between esiplacement and mixing. 

6.4 A Model f o r the Petrogenesis o f Post-1910 Etna Lavas 

The temporal and s p a t i a l v a r i a t i o n s i n the geochemistry and petrography 

o f post-1910 lavas can, f r o n the preceding discussions, be r e l a t e d t o 

both deep-level processes i n the mantle source and i n the deep c r u s t a l 

storage reg i o n , and t o h i g h - l e v e l processes such as magma mixing and 

c r y s t a l f r a c t i o n a t i o n . The l a t e r mixing and f r a c t i o n a t i o n events mask 

the tenpDral v a r i a t i o n o f deep o r i g i n . These f i n d i n g s are i n t e r p r e t e d 

i n terms o f the v o l c a n o l o g i c a l framework o f Etna by the f o l l o w i n g model 

f o r the petrogenesis o f the Etna lavas, 1910-1983: 

1. Melt i s generated i n a heterogeneous upper mantle source region 

h i g h l y enriched i n mobile t r a c e and minor elements by a l a t e 

metasanatic event. Successive batches o f melt generated i n t h i s source 

show a c o n s i s t e n t t o t p o r a l v a r i a t i o n i n i n c o n p a t i b l e t r a c e element 

chemistry which i s caused e i t h e r by: i ) m e l t i n g o f d i f f e r e n t mantle 

volumes w i t h i n a heterogeneously enriched source, or i i ) by a c t i v e 

metasonatism e n r i c h i n g the source i n mobile elanents such as K and Rb 

but not i n more r e f r a c t o r y elements such as Nb, Ba, o r Zr which become 
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d i l u t e d by incxeased p a r t i a l m e l t i n g caused by p r o g r e s s i v e l y decreasing 

s o l i d u s t a r p e r a t u r e s . This r e l a t e s t o the pronounced enrichment o f the 

post 1964/71 lavas r e s u l t i n g i n an i n t e n s i f i c a t i o n i n the output o f the 

volcano. 

2. P r i j n i t i v e magma enters a deep c r u s t a l magma storage region ("'20km 

depth) where i t undergoes f r a c t i o n a t i o n o f ferrcmagnesian phenocrysts 

t o produce h a w a i i t i c magma oonpositions. I t i s then fed through w e l l -

e s t ablished pathways, continuously or i n pulses c o n t r o l l e d by the 

re g i o n a l t e c t o n i c s , up through the c e n t r a l conduit system. No 

s i g n i f i c a n t c r u s t a l contamination i s thought t o occur a t t h i s stage. 

The s l i g h t t e r t ^ r a l increase i n the b a s i c i t y o f the lavas r e f l e c t s less 

f r a c t i o n a t e d magma released f r a n the deep storage region which could be 

r e l a t e d t o the increased i n p u t from the mantle source and shorter 

residence time before release. 

3. The nagma r i s e s r a p i d l y and e r r a t i c a l l y i n t o the h i g h - l e v e l 

plumbing syston. Corplexely-zoned p l a g i o c l a s e phenocrysts record the 

dynamics o f nagma ascent a f t e r i t leaves the deep storage area; an 

i n i t i a l r a p i d ascent characterized by strong supercooling and f a s t 

grcwth ( s k e l e t a l m3rphology)is followed by i n t e r m i t t e n t periods o f 

ra p i d ascent and high supercooling punctuated by periods o f quiescence 

and s t a b i l i t y when the magma was r i s i n g s l o w l y o r was s t a t i o n a r y 

( o s c i l l a t o r y zoning). 

4. The new batch o f magma reaches the h i g h - l e v e l plumbing system which 

i s charged w i t h various batches o f ol d e r magma i n t r u d e d i n t o dykes a t 

d i f f e r e n t l e v e l s each w i t h d i f f e r e n t i n c o n ^ t i b l e element c l i e m i s t r i e s 
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caused by t o t p o r a l v a r i a t i o n s i n the source. Magma from preceeding 

e r u p t i o n may a l s o s t i l l r eside i n the h i g h - l e v e l c e n t r a l conduit 

system. Some o f these o l d e r magma batches may have f r a c t i o n a t e d . 

As new magma enters t h i s area through the c e n t r a l conduit i t mixes w i t h 

o l d e r magma i n the c e n t r a l conduit system and/or i n the r a d i a l dyke 

system, the rou t e o f i n t r u s i c n being c o n t r o l l e d by r e g i o n a l t e c t o n i c s . 

Seme o f the h y b r i d magma may continue t o r i s e up the c e n t r a l conduit t o 

feed surrmit a c t i v i t y a f t e r mixing i n the c e n t r a l conduit. Magma which 

enters the r a d i a l dyke system nay take a s i m i l a r r o u t e / l e v e l o f 

i n t r u s i o n t o the preceding e r u p t i o n and mix w i t h l e f t - o v e r magma i n the 

dykes; i t nay have a l s o mixed i n the c e n t r a l oonduit before e n t e r i n g 

the dyke syston- Magma i n a propogating dyke may a l s o i n t e r s e c t other 

dykes f i l l e d w i t h o l d e r nagma and mix e i t h e r d u r i n g o r p r i o r t o 

er u p t i o n . Sane o f the contaminating, o l d e r magma may have undergone 

f r a c t i o n a t i o n before mixing. 

5. Hybridized nagma i n r a d i a l dykes may undergo c r y s t a l f r a c t i o n a t i o n 

i f i t resides f o r long enough before e r u p t i o n t o produce a v e r t i c a l l y 

zoned dyke i n terms o f phenocryst abundances. However, e r u p t i o n may 

take place inmediately a f t e r the nagma enters the dyke having mixed 

before i t entered the dyke, d u r i n g dyke f i l l i n g , o r du r i n g e r u p t i o n by 

dyke i n t e r s e c t i o n , a n a l l amounts o f flowage d i f f e r e n t i a t i o n nay occur 

i n the c e n t r a l conduit or i n the dykes d u r i n g f i l l i n g and e r u p t i o n 

r e s u l t i n g i n small degrees o f f r a c t i o n a t i o n - c o n s i s t e n t v a r i a t i o n i n 

lavas erupted from the sumnit and from the f l a n k s . 
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6.5 Corparison o f Etna t o other B a s a l t i c Volcanoes 

Toi^xsral and s p a t i a l c c n p o s i t i o n a l v a r i a t i o n s i n the Etnean lavas have 

been i n t e r p r e t e d i n the form o f the model presented above. S i m i l a r 

i n v e s t i g a t i o n s on lavas f r a n other b a s a l t i c volcanoes have a l s o found 

s i g n i f i c a n t coinpositional v a r i a t i o n s and i t i s u s e f u l t o conpare sane 

of these w i t h Etna t o e s t a b l i s h any o v e r a l l s i m i l a r i t i e s or d i f f e r e n c e s 

i n the processes operating w i t h i n them. 

The volcanoes on Hawaii o f f e r the best o p p o r t u n i t y f o r such a 

oonparison, being the most s y s t e r r B t i c a l l y monitored, documented, and 

sanpled volcanoes i n the world, p a r t i c u l a r l y Mauna Loa and Kilauea. 

Considerable c c r r p o s i t i o n a l v a r i a t i o n s i n the t h o l e i i t i c lavas from 

these volcanoes have been described by Wright (1971), V/right and Fiske 

(1971), Wright and T i l l i n g (1980), and T i l l i n g e t . a l . (1987). The 

f o l l o w i n g generalised model f o r the petrogenesis o f the Hawaiian lavas 

has been proposed: 

1. S i g n i f i c a n t t e n p o r a l v a r i a t i o n i n lava chemistry i s observed both 

on Mauna Loa and on Kilauea ( T i l l i n g e t . a l . , 1987) which r e f l e c t s 

d i f f e r i n g degrees o f metasomatic enrichment and p a r t i a l m e l ting i n the 

mantle source (Wright and T i l l i n g , 1980; Wright , 1984). 

2. Batches o f t h o l e i i t i c nagma w i t h s l i g h t l y d i f f e r i n g chemistries 

are transported r a p i d l y between the mantle source and a s h a l l o w - l e v e l 

storage r e s e r v o i r beneatli the surnnit o f Kilauea (Wright and T i l l i n g , 

1980). New magma batches are i n j e c t e d p e r i o d i c a l l y i n t o the base o f 

the r e s e r v o i r t o produce a v e r t i c a l l y zoned body i n which l i t t l e mixing 
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takes place. Older nagma i s drained f r a n the top t o feed surrmit 

eruptions and new magma i s drained f r a n the base i n t o r i f t zones which 

i n t e r s e c t the r e s e r v o i r . 

3. Magma mixing i s shown t o occur between d i f f e r e n t batches o f magma 

w i t h i n the r i f t zones; sane o f the o l d e r nagma r e s i d i n g i n the r i f t s 

may be f r a c t i o n a t e d before mixing. 

Given the d i f f e r e n c e s between Etna and Hawaii w i t h respect t o t e c t o n i c 

s e t t i n g , type o f volcanism, c o r p o s i t i o n o f lava, and h i g h - l e v e l 

plumbing system, the o a i i p o s i t i o n a i V c i r i a t i o n s i n the Hawaiian lavas 

provide evidence f o r a petrogenetic h i s t o r y s i m i l a r t o that proposed 

f o r Etna lavas. These s i m i l a r i t i e s are: a te n p o r a l v a r i a t i o n r e l a t e d 

t o source region v a r i a t i o n s ; r a p i d ascent o f magma t o the h i g h - l e v e l 

system; superimposed mixing and f r a c t i o n a t i o n i n the h i g h - l e v e l 

d y k e / r i f t systems. 

Progressive v a r i a t i o n s i n the chemical conpositions o f lavas erupted i n 

1982 from Mt. Cameroon, West A f r i c a have been recorded by F i t t o n e t . 

a l . (1983). This v a r i a t i o n was explained i n terms o f magma mixing 

w i t h i n a h i g h - l e v e l storage r e s e r v o i r between l e f t - o v e r 1959 nagma and 

fr e s h , super-heated 1982 magma. Cameroon and Hawaii both d i f f e r from 

Etna i n t h a t they have h i g h - l e v e l rragna storage r e s e r v o i r s , however, 

h i g h - l e v e l mixing can be i d e n t i f i e d as a camion process a f f e c t i n g the 

lavas f r a n a l l centres. 

Canp e t . a l . (1987) have, i n a d d i t i o n , r e c e n t l y described v a r i a t i o n s 

w i t h i n an a l k a l i - o l i v i n e b a s a l t lava f l o w erupted i n h i s t o r i c a l times 
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i n the Harrat Rahat Lava F i e l d i n Saudi Arabia. Geochemical and 

petrographic evidence i s presented f o r superiirposed mixing and c r y s t a l 

f r a c t i o n a t i o n processes, modelled, as f o r the Etna lavas o f t h i s study, 

using incaT$>atible elenient chemistry. Canp e t . a l . (op. c i t . ) propose 

a petrogenetic model which c o n t r a s t s w i t h Etna and Hawaii i n t h a t i t 

requires t h a t f r a c t i o n a t i o n and mixing occur a t a deep-level between 

two c o n t r a s t i n g namga batches which f r a c t i o n a t e d before mixing. 

Etna, and the exaiiples o f other b a s a l t i c v o l c a n i c centres discussed 

above, dononstrate t h a t oorrpositional v a r i a t i o n w i t h i n lavas i s a 

c o m o i phenonenon. Magma mixing and c r y s t a l f r a c t i o n a t i o n (except i n 

the case o f Cameroon) appear t o be u b i q u i t o u s t o most centres d e s p i t e 

the wide range o f g e o l o g i c a l environments i n which volcanism occurs. 

The i n d i v i d u a l c h a r a c t e r i s t i c s o f the separate centres r e q u i r e 

d i f f e r i n g models f o r mixing and f r a c t i o n a t i o n which are normally shewn 

t o occur a t a h i g h level? the I^arrat Rahat model, however, suggests 

deep-level mixing and f r a c t i o n a t i o n which could r e f l e c t more 

fundamental d i f f e r e n c e s i n negmatism between c e n t r a l vent and f l o o d 

b a s a l t v o l c a n i c ! t y . 
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CHAPTER 7 

CC3NCLUSIQNS 

1. S i g n i f i c a n t terrporal and s p a t i a l v a r i a t i o n s are recorded i n the 

geochemistry and petrography o f "lavas erupted f r a n Etna dur i n g the 

pe r i o d 1910-1983. 

2. S p a t i a l c c n p o s i t i o n a l v a r i a t i o n i s present i n each o f the flow 

f i e l d s studied and can be e;q5lained by a cesnbination o f c r y s t a l 

f r a c t i o n a t i o n and magma mixing process. I n general, c r y s t a l 

f r a c t i o n a t i o n i s s)iCMn t o o v e r p r i n t the e f f e c t s o f mixing, alti i o u g h 

there i s evidence f o r probable pre-mixing f r a c t i o n a t i o n as w e l l . 

V o l c anological and p e t r o l o g i c a l evidence suggests t h a t these processes 

occurred w i t h i n the h i g h - l e v e l magmatic plumbing system. 

3. Strong t e r p D r a l chemical v a r i a t i o n i s recorded i n the 1910-1983 

succession o f lavas which i s expressed mainly i n terms o f v a r i a t i o n s i n 

i n c o t p a t i b l e element r a t i o chemistry. There i s a decrease i n Ba/Rb, 

Zr/Rb, K/Rb, and Nb/Rb and increase i n K/Zr r a t i o s w i t h time r e f l e c t i n g 

absolute enrichment i n K and Rb and d e p l e t i o n i n Ba, Nb, and Zr, the 

e f f e c t s o f which are most pronounced a f t e r 1964. There i s also an 

o v e r a l l increase i n lava b a s i c i t y . The t i m e - i n t e g r a t e d nature o f t h i s 

v a r i a t i o n and i t s independence f r a n v o l c a n o l o g i c a l v a r i a t i o n r e f l e c t . 

deep-level negmatic processes. 

4. Trace element chemistry and v o l c a n o i o g i c a l observations provide 

evidence f o r mixing between magmas supplying d i f f e r e n t e r u p t i o n s , 

tfew a i i t e nngma o f "new" i n c o n ^ t i b l e t r a c e element c c n p o s i t i o n mixes 

w i t h "older" ccnpositions belonging t o previous e r u p t i o n s . 
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V o l c a n o l o g i c a l observations a l s o shew t h a t d i f f e r e n t lava f i e l d s which 

have such chemical l i n k s always share the same e r u p t i v e a l t i t u d e o r are 

i n close s p a t i a l a s s o c i a t i o n . 

5. A model f o r the petrogenesis o f the 1910-1983 lavas can be 

sunmarised as f o l l o w s : 

( i ) Magma i s generated i n a heterogeneous mantle source which has 

undergone la t e - s t a g e metascmatic enrichment, 

( i i ) The magna enters a deep l e v e l storage region (16-241an) where 

i t undergoes high-pressure f r a c t i o n a t i o n t o h a w a i i t e . 

( i i i ) Plagioclase phenocryst t e x t u r e s record a sudden release and 

r a p i d , e r r a t i c ascent frem the storage r e g i o n t o the h i g h -

l e v e l plumbing system, 

( i v ) New nagna e n t e r i n g the h i g h - l e v e l system mixes w i t h o l d e r 

batches r e s i d i n g i n the c e n t r a l conduit and i n t l i e r a d i a l dyke 

system. Seme f r a c t i o n a t i o n occurs a f t e r mixing, 

(v) Strong enrichment o f K and Rb since 1964 c o r r e l a t e s w i t h higher 

e r u p t i v e volumes and increased b a s i c i t y suggesting l a r g e r melt 

batches forming i n a p r o g r e s s i v e l y enriched source and a short e r 

residence time i n the deep storage r e g i o n . 

Tliese conclusions c l e a r l y demonstrate the c o r p l e x i t y o f magna 

petrogenesis i n the Etna volcano, b o t l i a t a deep- and s h a l l o w - l e v e l . 

Future p e t r o l o g i c a l studies on the Etnean lavas must, as enphasized by 

t h i s study, involve extensive t e n p o r a l and s p a t i a l sair^Jling o f lava 

f i e l d s coupled w i t h h i g h l y p r e c i s e a n a l y t i c a l methods. I n the l i g h t o f 
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the present r e s u l t s , the f o l l o w i n g are i d e n t i f i e d as in^xsrtant and 

f r u i t f u l l i n e s o f f u t u r e research: 

- s i g n i f i c a n t extension o f the lava sequence o f t h i s study back 

through time t o i n v e s t i g a t e longer-term t e n p o r a l c o t p o s i t i o n a l 

v a r i a t i o n . 

- o b t a i n i n g a wider range o f t r a c e element and i s o t o p i c data f o r t l i e 

lavas i n order t o place f u r t h e r constraints upon source region 

processes. 

- i n v e s t i g a t i o n o f s p a t i a l compositional v a r i a t i o n s . i n o l d e r lavas, 

p a r t i c u l a r l y f r a n periods when the h i g h - l e v e l plumbing system was 

s i g n i f i c a n t l y d i f f e r e n t , i n order t o study how h i g h - l e v e l processes 

have changed. 

- i n t e g r a t i o n o f p e t r o l o g i c a l , seismic, g r a v i t y , and ground 

deformation studies d u r i n g present-day e r u p t i v e events t o provide a 

d e t a i l e d model o f shallow, sub-surface nagmatic a c t i v i t y . 
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APPENDIX 1 

The Cambridge Microprobe - A n a l y t i c a l Conditions 

The e l e c t r o n microprobe was designed and constructed i n the 

Department o f Mineralogy and Petrology, U n i v e r s i t y o f Cambridge. The 

system incorporates an Si ( L i ) d e t e c t o r and Harwell pulse processor 

system 3073 i n t e r f a c e d t o a Cata General tJova micro-catputer. 

A n a l y t i c a l c o n d i t i o n s : 

20kv a c c e l e r a t i n g p o t e n t i a l 

45nA ncminal beam c u r r e n t 

80 l i v e seconds counting time 

5-6 kpps i n p u t r a t e t y p i c a l 

40" t a k e - o f f angle 

d e t e c t o r r e s o l u t i o n 156eV t\»l a t MnK (5.89KeV) 

Peaks processed and measured by i t e r a t i v e peak s t r i p p i n g (Stratham, 

1976); c o r r e c t i o n methods by Sweatman and bong (1969). 
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APPENDIX 2 

Representative CIEV/ norm c a l c u l a t i o n s f o r Etna lavas f r a n the period 1910-1983 

1910 1910 1911 1911 1923 1928 1928 1947 1964 1971 1971 
ES24 ES103 ES396 ES48 ES114 LS305 ES310 ES71 ES2 ES23 ES35 

Or 10.52 9.81 13.77 9.57 11.05 9.75 9.93 10.70 10.40 10.52 10.81 
Ab 25.36 22.96 35.52 22.99 21.83 23.45 22.32 25.51 20.69 20.11 18.78 
An 25.72 22.75 23.20 26.23 26.39 23.85 23.74 23.14 25.83 24.73 21.42 
Ne 9.27 8.65 3.54 4.78 6.97 6.64 7.25 5.16 5.98 5.10 9.36 
VJb 7.82 9.55 4.99 9.51 8.93 10.21 9.68 9.05 9.41 9.93 11.14 
En 4.70 6.16 2.85 5.91 5.56 8.42 6.32 5.70 5.93 6.03 7.40 
Fs 2.71 2.76 1.92 3.04 2.84 0.54 2.70 2.79 2.90 3.35 2.93 
Fo 2.57 3.99 3.28 5.74 4.62 3.89 5.22 4.68 5.43 6.51 5.18 

1.63 1.97 2.44 3.26 2.61 0.27 2.46 2.53 2.92 3.99 2.26 
Mt 4.77 5.79 4.15 5.31 5.61 9.09 5.67 5.96 5.54 4.57 5.89 
11 2.91 3.17 3.08 3.23 3.08 3.25 3.13 3.25 3.27 3.19 3.17 
Ap 1.42 1.37 1.85 1.14 1.35 1.23 1.35 1.40 1.28 1.30 1.37 

t o t a l 99.40 98.93 100.57 100.71 100.83 100.59 99.77 99.86 99.57 99.32 99.72 
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