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In t roduct ion 

This pape r describes the p e t r o g r a p h y and 
chemis t ry of some Pleis tocene hyaloclas t i tes 
in Iceland. These rocks a re basal t ic m a g m a s 
quenched in w a t e r (mainly glacial mel t 
water ) upon erupt ion . Phenocrys t s a re t he r e -
fore una f f ec t ed by react ions occuring upon 
cooling and crystal l izat ion. 

Iceland provides an un ique oppor tun i ty to 
s tudy n a t u r a l l y quenched and comple te ly 
f r e s h basal t ic rocks. This o f fe rs the possi-
bi l i ty to s tudy the composit ion and homo-
geni ty of crysta ls and l iquids and conclusions 
can be d r a w n about the s ta te of equi l ibr ium. 

Analy t ica l da ta on 22 samples a re p r e -
sented. They a re qua r t z - and o l iv ine-norma-
t ive tholei i tes not f a r f r o m the n o r m a t i v e 

qua r t z sa tu ra t ion plane. All samples s tudied 
have phenocrys t s of olivine, plagioclase and 
most of ten c l inopyroxene, which in gene ra l 
appea r to be in equ i l ib r ium wi th the co-
exis t ing l iquids. Xenocrysts , c lear ly out of 
equ i l ib r ium u n d e r any conditions, a re f o u n d 
in basal ts f r o m nea r the cen t ra l volcanoes 
and can be expla ined as contamina t ion f r o m 
acid rocks. 

The chemical var ia t ion in the basa l t s is 
ma in ly discussed on the basis of Ab-An-Di -
Fo- and CMAS-systems. The main resul t is 
t h a t the to ta l p ressure of the main crysta l l i -
zat ion does not exceed 2 kb 6—7 km). The 
der ived w a t e r pressures v a r y regionally. 
Es t imates of or iginal w a t e r contents , us ing 
glass inclusion chemis t ry in crystals , indicate 
t ha t those basal ts which equi l ib ra ted at t h e 
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Pig. 1. The building up of hyaloclastite ridge or 
a table mountain (Einarsson 1968). 1. Bed rock, 2. 
Glacier, 3. Melt water, 4. Pillow lava and dikes, 
5. Tuff and breccia, 6. Föreset bedded pillow-

breccia, 7. Lava, 8. Scree. 

highes t assumed w a t e r p res su re also h a v e the 
h ighes t w a t e r content . 

The model calculat ions demons t r a t e t h a t 
the basal ts f r o m the same a rea can be in t e r -
r e l a t ed by a process of f r ac t iona l c rys ta l l i -

zation. However , due to l imited da ta no 
f u r t h e r a t t e m p t has been m a d e to eva lua te 
the origin and evolut ion of these basalts . 

Pe t ro logy of hyaloclast i tes 

General 

The origin of the hyaloclas t i tes has been 
discussed extens ively in the l i t e ra ture . At 
an ear ly s ta te (e.g. P j e t r u s s 1900; Thoroddsen 
1906) these fo rmat ions were bel ieved to be 
r e m n a n t s of l a rge r volcanoes a f fec ted by 
erosion and faul t ing . 

However , a f t e r 1920 (Peacock 1926a, 1926b, 
Noe-Nygaard 1940, K j a r i a n s s o n 1943) it was 
recognized tha t the hyaloclas t i te t u f f s (pa-
lagoni te fo rma t ion or moberg format ion) a re 
of subglacial or subaqua t ic origin and fo rmed 
by rap id chil l ing of the m a g m a in contact 
wi th wa te r . 

In the previous ment ioned works (e.g. Pea -
cock 1926a, Noe-Nygaa rd 1940) the t e rms 
pa lagoni te or moberg fo rmat ions w e r e used. 
R i t tman (1961) proposed a n e w t e r m 'hyalo-
clast i te ' f o r p r i m a r y palagonites . The t e r m 
palagoni te in Iceland has been ex tended to all 
k inds of deposits which include f r a g m e n t e d 
subglacia l basal t ic lavas, glacial moraines , 
t u f f s and al luvial deposits (Nayudu 1964). 

The hyaloclas t i te t e rm in the presen t s tudy 
is used genet ical ly and includes the produc ts 
of subglacia l or subaqua t ic erupt ions . The 
presen t au tho r does not t r ea t the s t ruc tu res 
of subglacia l fo rma t ions (but r a t h e r the mine-
ralogical problems) b u t a shor t descr ipt ion is 
given for some of them. 

The subaqua t ic volcanic piles have a re -
gu la r s t ruc tu ra l sequence (Fig. 1) consisting 
of pi l low lavas a t the base, covered by pi l low 
breccias and f ina l ly glassy t u f f s (e.g. Noe-Ny-
gaa rd 1940, Bemmelen and Ru t t en 1955, Sig-
valdason 1968, Jones 1970). 

The fol lowing shor t def in i t ion is ci ted f r o m 
Grönvold (1972). 
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Fig. 2. Palagonitization of glass, Sveifluhåls. A = 
sideromelane glass, B = 0.01—0.02 mm wide pala-

gonitization rim. 

Pil low lava: Used in the convent ional sense 
fo r basal t ic and in t e rmed ia t e rocks. The re 
is a considerable va r ia t ion in the size of 
the pil lows, the i r r egu la r i ty and the re la -
t ive amoun t of the in te rp i l low ma t r ix . 

P i l low-breccia : In some cases breccias a re so 
obviously f o r m e d f r o m f r a g m e n t s of b roken 
pi l lows tha t they a re given this special 
name. The clasts in pi l low breccias a re 
charac ter i s t ica l ly e longated and angu la r 
and f r e q u e n t l y one side has a glassy skin. 

Hyaloclas t i te tuff or glassy tu f f : F ine gra ined 
basal t ic or andesi t ic rock. Made dominan t -
ly of smal l ve ry vesicular s ideromelane 
(brown glass) f r agmen t s , somet imes a l tered 
to palagoni te . 
The subaqua t ic basal ts s tudied here show 

m a n y common t e x t u r a l and pe t rograph ica l 
fea tures . Peacock (1926a) and Ty r r e l and 
Peacock (1926) m a d e detai led microscopic 
s tudies of the tuf fs . They subdivided the 
glasses in to two types; s ideromelane which is 
clear, colourless to yel lowish brown, and 
tachyl i te which is opaque and clouded wi th 
minu te ore grains. T h e glass m a y then a l te r 

Fig. 3. Vesicular single glass shard (containing 
scattered euhedral phenocrysts) from a relatively 
coarse grained hyaloclastite tuff of olivine norma-

tive tholeiite (RE-19). 

a f t e r deposit ion. The ini t ia l a l te ra t ion p ro -
duct is palagoni te . Pa lagoni t iza t ion is ma in ly 
a hydra t ion process at a re la t ive ly low t em-
p e r a t u r e (Peacock 1926a, Hoppe 1941, F u r n e s 
1974, 1975). 

Jakobsson (1971) s tudied the hyaloclas t i tes 
of Sur t sey and showed tha t considerable 
amoun t of Si0 2 , Al 20 3 , CaO, N a 2 0 and K 2 0 
are leached f r o m the glass dur ing pa lagoni t i -
zation, H 2 0 is absorbed and Fe is oxidized to 
give the glass a rus t b r o w n colour (Fig. 2). 

Fu rnes (1974, 1975) s tudied expe r imen ta l ly 
the palagoni t izat ion process and demon-
s t ra ted the same ef fec t as described by J a -
kobsson (1971). 

The rocks s tudied r ange f r o m f ine gra ined 
(0 mm) to coarse gra ined (0 cm). The qua r t z 
no rma t ive rocks are usual ly much more f ine 
g ra ined t h a n the olivine n o r m a t i v e ones (Figs. 
3 and 4). This p robab ly ref lec ts d i f f e r e n t 
w a t e r content and viscosity. The rocks 
s tudied have also high amoun t of vesicles u p 
to 60—70 °/o. Severa l au tho r s (e.g. Jones 1969) 
have t r ied to use the ves icular i ty as a dep th 
indicator . 



84 Heikki Mäkipää 

0.5 m m 

Fig. 4. Fine grained hyaloclastite tuff of quartz 
normative tholeiite (containing few anhedral 

xenocrysts) (GR-22). 

Minera l phases ident i f ied in the glasses a re 
olivine, plagioclase, c l inopyroxene, albite, 
pigeonite, spinel and some iron oxides. Oli-
vine, plagioclase, c l inopyroxene and spinel 
f o r m the phenocrys t phases. In all samples 
olivine and plagioclase occur as phenocrysts , 
bu t some rocks conta in only a ve ry f e w 
crystals . The pr inc ipal minera logica l d i f f e r -
ence be tween indiv idual samples is the va r i a -
tion in the tota l amoun t of olivine and plagio-
clase phenocrysts . 

All the phenocrys t s a re divided into micro-
phenocrys ts ( 0 < 30 /ira) and less a b u n d a n t 
macrophenocrys t s ( 0 > 30 ju m). 

The sample locations are shown in Fig. 5. 
The cr i ter ia used fo r the sample selection 
were 1) to get as r ep resen ta t ive series of 
samples f r o m all t he tholeii t ic volcanic zones 
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Fig. 5. Sketch map of Iceland showing the location of the active volcanic zones, the location of 
samples and the petrological basalt types erupted within volcanic zones (after Jakobsson 1972). 
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C 

Fig. 6. Plot of the analyses on 
the AFM diagram. • = whole 
rock analyses (Table 1). 0 = 
glass analyses (Table 2). A = 
NaaO + KoO, F = FeO + F2C>3, M 

= MgO. 

of Iceland as possible and 2) to use only f r e sh 
rocks w h e r e no palagoni t izat ion can be found . 
Also all breccia types w e r e excluded. All the 
samples used here a re br ie f ly described in 
Append ix 1. 

Analytical methods 

All mine ra l and glass analyses were car r ied 
out on an au tomat ic ARL-SEMQ microprobe. 

The hyaloclas t i tes w e r e moun ted direct ly 
in epoxy f o r analyses. For whole rock ana l -
ysis about 100 mg of sample powde r w e r e 
mel ted in a P t loop in a f u r n a c e at 1315° C 
for 2 hour s w i th oxygen fugac i ty close to the 
Q M F - b u f f e r . T h e sample was quenched in 
w a t e r and the glass w a s m o u n t e d and ana l -
yzed in the same w a y as n a t u r a l glasses. 

Ma jo r e lement analyses were obta ined by 
opera t ing the e lec t ron probe at an accele-
ra t ing poten t ia l of 15 kV and 25 n A sample 
cur ren t . Count ing t ime of 20 seconds on peak 
and 4 seconds on background was used. 

The correct ion p rocedure of Bence and 

Albee (1968) was used and the correct ion 
fac tors of Albee and Ray (1970). Da ta fo r all 
s t andards a re avai lable at the Nordic Volca-
nological Ins t i tu te (Imsland 1978). 

FeO in the glass f r ac t ion (separated by 
b romoform) was de te rmined by the modif ied 
Wilson method, in the quenched glass the 
F e 2 0 3 / F e 0 is assumed to be 0.15. 

Trace e lement analyses w e r e car r ied out 
using 25 kV accelerat ing potent ia l and 60 
nA—0.6 f(A sample cur ren t . The detection 
l imit depends on the e lement and the m a t r i x 
b u t 100 ppm detect ion l imit is typical unless 
special opera t ing condit ions a re employed. 
Count ing t imes used w e r e 100 seconds and 10 
seconds on peak and background , respect ive-
ly. The X - r a y peak intensi t ies were corrected 
for background in tens i ty only. 

S t anda rds employed for the var ious t race 
e lements w e r e as fol lows: augi te and h o r n -
blende (Mason and Allen 1973) fo r all t rans i -
t ion meta ls in low concentrat ions . In high 
concentra t ions the s t anda rds were : 99.99 °/o 
p u r e meta l s for V, Co and Ni, rhodoni te for 
Mn and Zn and synthe t ic ca lchopyr i te for Cu. 



Fig. 7. Plot of the whole rock 
analyses (Table 1) on the nor-
mative Qz-Di-Hy-Ol-Ne dia-
gram. TH — Theistareykir area 
(No. 3 in Fig. 5). TJ — Thoris-
jökull area (No. 96 in Fig. 5). 
Re — Reykjanes peninsula (No. 
5 in Fig. 5). HE — Hestfjall 
(No. 30 in Fig. 5). The curves 
indicate the end members of 

separated spatial groups. 
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Whole rock analysis 

The samples w e r e collected f r o m all t he 
tholeii t ic volcanic zones of Iceland (Fig. 5). 
The m a j o r e lement chemis t ry of the rocks 
s tudied fol lows r e m a r k a b l y well the geo-
graph ica l p a t t e r n of the rock type d is t r i -
but ion described by Jakobsson (1972). 

The whole rock analyses a re listed in Table 
1 and p lo t ted on the AFM d iag ram (Fig. 6). 
Each repor ted va lue is the average of m a n y 
(up to 20) spot analyses which all va ry wi th in 
the r ange of the analy t ica l s t a n d a r d devia-
tions. 

In the no rma t ive Qz-Di-Hy-Ol-Ne d i ag ram 
(Fig. 7) all the samples a re ve ry n e a r the 
silica sa tu ra t ion plane, which divides the 
quar tz and olivine no rma t ive tholeiites. 

The t race e lement da ta including all t r ans i -
t ion meta l s (except Sc and Fe) is g iven in 
Table 1. Because some e lements a re s t rongly 
a f fec ted by f rac t iona t ion of a specific phase 
(e.g. Ni and Co in olivine and V in c l inopyro-
xene), they provide a sensi t ive test of f r a c -
t ional crysta l l izat ion models. 

Glass analysis 

The n a t u r a l glass analyses a re l isted in 
Table 2 and plot ted on the same A F M dia-
g r a m (Fig. 6) wi th the whole rock composi-
t ions to show the e f fec t of crystal l izat ion. 

Mineral analysis 

Olivine. Olivine is p resen t in all samples. 
Commonly the olivine crysta ls a re ve ry small 
(approximate ly 5—30 ,«m in d iameter ) and 
only f e w samples contain la rger crystals . The 
olivine phenocrys t s show a var ie ty of crysta l 
f o rms (Fig. 8). Usual ly microphenocrys ts a re 
euhedra l b u t a subhedra l shape is common. 
As seen in m a n y Mid-At lan t ic r idge basal ts 
the olivine phenocrys t s show va ry ing degree 
of i r r egu la r and la t t ice- l ike g r o w t h (Bryan 
1972). E v e r y sample of this s tudy shows 
evidence of s imilar g rowth . 

Analyses of olivines a re listed in Table 3. 
The Fo-contents v a r y be tween 65.0 and 89.0 
mole -%. 
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0.1 m m 

0.5 m m 

Fig. 8. Olivine morphologies. A euhedral olivine microphenocryst (RE-17), B subheral hollow olivine 
(HE-30), C subhedral lantern-shaped olivines (HE-35), D subhedral lantern-shaped olivine (HE-32), E 

euhedral olivine macrophenocryst (RE-17), F skeletal olivine (tabular shaped) (RE-17) 
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Table 1. Microproble analyses and CIPW norms of hyaloclastites. Whole rock analyses. Sample loca-
tion is shown on the map (Fig. 5) and given in Appendix 1. 

Sample No. RE-1 TH-3 TH-4 HE-5 TH-7 TH-10 RE-11 RE-16 RE-17 RE-19 RE-20 
No. of anal. 15 15 15 18 15 15 18 15 18 15 15 

Si02 49.23 49.64 49.05 48.98 49.01 49.26 48.26 47.75 48.44 46.89 47.50 
TiOo 1.62 1.91 1.35 1.63 1.96 1.34 1.07 1.40 1.51 1.60 1.54 
AI2O3 14.57 14.12 15.48 14.93 14.29 14.24 14.95 17.61 15.89 14.69 14.94 
FeOt 12.32 13.98 10.31 12.14 13.80 11.85 9.36 10.68 10.91 12.06 11.59 
MnO 0.19 0.21 0.17 0.20 0.21 0.19 0.15 0.16 0.18 0.20 0.21 
MgO 7.89 6.59 8.50 7.39 6.33 7.09 11.93 6.63 6.87 9.47 9.76 
CaO 11.28 10.66 12.22 11.38 10.14 10.66 11.56 11.84 11.95 10.79 10.80 
NaoO 2.41 2.51 2.15 2.39 2.55 1.99 1.44 2.05 2.08 2.02 2.03 
KoÖ 0.20 0.23 0.18 0.20 0.22 0.18 0.10 0.16 0.17 0.16 0.15 
P2O5 0.20 0.25 0.14 0.19 0.22 0.19 0.12 0.16 0.15 0.17 0.19 

CIPW norms (with fixed Fe 2 0 3 /Fe0 = 0.15 and recalculated to 100 %>) 

Qz 1.80 
Or 1.18 1.35 1.07 1.19 1.31 1.09 0.60 0.96 1.02 0.96 0.89 
Ab 20.38 21.15 18.24 20.28 21.81 17.32 12.29 17.59 17.90 17.37 17.34 
An 28.33 26.47 32.14 29.51 27.19 30.24 34.33 38.92 34.08 31.05 31.51 

I Wo 10.98 10.26 11.58 10.80 9.27 9.56 9.49 8.18 10.52 9.28 8.91 
Di 1 1 En 5.85 4.85 6.76 5.67 4.30 4.92 6.21 4.29 5.60 5.36 5.26 

1 Fs 4.78 5.28 4.27 4.82 4.88 4.39 2.61 3.65 4.59 3.50 3.20 
/ En 8.52 10.40 8.31 8.48 10.54 13.25 14.72 8.76 10.20 8.36 9.57 n y \ Fs 6.97 11.31 5.25 7.23 11.95 11.82 6.19 7.44 8.35 5.46 5.82 

Ol / Fo 3.69 0.77 4.31 3.02 0.76 6.34 2.57 1.12 7.18 6.80 
\ Fa 3.33 0.92 2.10 2.83 0.95 — 2.94 2.41 1.01 5.17 4.56 

11 3.17 3.99 2.76 3.39 2.87 2.81 2.18 2.77 3.13 3.55 3.43 
Mt 2.26 2.67 1.98 2.33 2.67 2.34 1.81 2.08 1.55 1.70 2.24 
Ap 0.46 0.58 0.33 0.44 0.52 0.45 0.28 0.38 0.35 0.40 0.44 

Transition metals (except Sc and Fe) in ppm 

Ti 9695 11470 8075 9765 11750 8030 6400 8420 9035 9580 9255 
V 255 260 185 270 260 240 145 195 315 310 255 
Cr 160 70 275 160 65 75 385 135 125 255 270 
Mn 1510 1640 1300 1550 1605 1450 1160 1260 1410 1565 1615 
Co 85 85 120 65 35 105 90 60 140 115 100 
Ni 145 70 300 200 135 165 320 155 295 320 420 
Cu 70 145 65 90 70 145 180 80 110 90 160 
Zn 20 50 25 45 80 55 30 25 35 30 35 

FeOVMgO 1.56 2.12 1.21 1.64 2.18 1.67 0.78 1.61 1.59 1.27 1.19 
Cr/Ni 1.10 1.00 0.92 0.80 0.48 0.45 1.20 0.87 0.42 0.70 0.64 

cont. 

All microphenocrys t s a re homogenous and 
unzoned. In some macrophenocrys t s a sl ight 
zoning (less t h a n 2 mole-°/o Fo) is found, both 
no rma l and occasionally reverse . The l iquid-
crys ta l b o u n d a r y was also s tudied and a com-

posit ional g rad ien t is no wider t han about 15 
wm f r o m the olivine-glass in ter face . 

All the analyzed olivine crys ta ls a re p rob -
ably phenocrys t s b u t in two samples (KE-24 
and LA-38) a n h e d r a l olivines m a y be xeno-
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(Table 1 continued). 

Sample No. GR-22 GR-23 KE-24 HE-30 HE-32 HE-35 LA-38 TJ-96 TJ-99 TJ-101 TJ-104 
No. of anal. 15 18 18 18 15 15 16 10 15 18 15 

Si02 49.92 49.49 50.84 50.22 48.49 50.22 51.59 54.60 47.36 46.71 48.60 
Ti02 2.59 2.49 2.87 1.07 1.06 0.97 2.39 0.97 1.46 1.46 1.34 
AUO3 14.46 14.10 13.78 14.47 15.11 15.19 14.21 15.42 14.95 14.79 14.59 
FeOt 12.95 12.91 13.52 11.01 10.89 11.01 10.54 8.53 12.02 12.28 10.59 
MnO 0.23 0.23 0.24 0.18 0.19 0.19 0.24 0.16 0.19 0.19 0.18 
MgO 5.42 5.12 4.14 10.23 9.63 10.50 6.62 7.47 7.97 7.97 8.04 
CaO 10.09 10.56 8.34 10.15 11.15 10.60 8.71 9.67 11.28 11.52 13.79 
Na20 2.98 2.80 2.21 1.26 1.49 1.41 1.82 1.71 2.28 2.26 1.85 
K>0 0.31 0.45 0.43 0.10 0.08 0.10 0.45 0.65 0.25 0.24 0.03 
Pa05 0.32 0.25 0.43 0.09 0.09 0.08 0.16 0.08 0.18 0.21 0.08 

CIPW norms (with fixed Fe 2 0 3 /Fe0 = 0.15 and recalculated to 100 °/o) 

Qz 0.69 0.57 9.30 2.56 _ 0.69 6.94 8.51 _ 
Or 1.84 2.69 2.62 0.60 0.48 0.59 2.69 3.87 1.49 1.44 0.18 
Ab 25.29 23.97 19.28 10.77 12.80 11.92 15.58 14.57 19.51 19.41 15.81 
An 25.24 24.87 27.22 33.86 34.84 34.79 29.62 32.70 30.15 29.94 31.72 

1 Wo 9.55 11.06 5.23 6.85 8.69 7.16 5.45 6.29 10.54 11.13 15.38 
Di En 4.47 4.98 2.10 4.11 5.12 4.37 2.73 3.68 5.79 6.07 8.55 

I Fs 4.97 6.01 3.18 2.38 3.13 2.40 2.59 2.31 4.35 4.67 6.23 
a,r i En 9.07 7.92 8.53 21.62 17.48 21.76 13.95 15.05 6.10 4.22 6.55 NY S Fs 10.09 9.56 12.92 12.52 10.68 11.96 13.22 9.44 4.58 3.25 4.78 

ni / Fo — — 1.23 — — 5.73 6.90 3.59 Ol j Fa — — — — 0.83 — — 4.74 5.85 2.88 
il 5.56 5.26 5.93 2.40 2.41 2.14 4.40 1.74 4.26 4.24 2.09 
Mt 2.49 2.50 2.67 2.13 2.12 2.02 2.45 1.64 2.33 2.39 2.05 
Ap 0.74 0.59 1.03 0.21 0.19 0.21 0.38 0.19 0.42 0.49 0.19 

Transition metals (except Sc and Fe) in ppm 

Ti 15545 14900 17185 6420 6365 5825 14350 5800 8725 8765 8035 
V 310 315 410 310 270 315 360 175 275 270 290 
Cr 25 20 10 325 265 290 95 280 190 130 245 
Mn 1785 1750 1840 1430 1455 1460 1890 1275 1450 1455 1410 
Co 65 40 20 155 145 140 70 130 100 95 120 
Ni 130 80 30 355 305 270 130 345 260 200 265 
Cu 155 150 160 135 135 120 170 115 120 140 120 
Zn 95 90 120 45 40 45 70 20 45 35 40 

FeOt/MgO 2.39 2.52 3.27 1.08 1.13 1.05 1.59 1.14 1.51 1.54 1.32 
Cr/Ni 0.19 0.25 0.33 0.92 0.87 1.07 0.73 0.81 0.73 0.65 0.92 

l i thic judged by the i r abno rma l calcium con-
ten t (Fig. 9) (Simkin and Smi th 1970). 

Plagioclase. Analyses of plagioclase micro-
and macrophenocrys t s a re l isted in Table 4. 
The anor th i t e contents v a r y b e t w e e n 57.9 

and 87.0 mo le -%. 
The small plagioclase la ths a re homogenous 

and unzoned. The la rge phenocrys t s a re 
s t rongly zoned and a va r i e ty of zoning types 
can be found . 

8 
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Table 2. Microprobe analyses and CIPW norms of hyaloclastites. Glass phase analyses. Sample location is shown on the map (Fig. 5) and & 

given in Appendix. 1. E 

Sample No. RE-1 TH-3 TH-4 RE-5 TH-7 TH-10 RE-11 RE-16 RE-17 RE-19 RE-20 GR-22 
No. of anal. 20 7 11 7 12 10 9 16 8 9 9 10 

Si02 49.48 50.37 49.91 49.34 49.38 49.38 48.86 49.09 50.09 48.57 47.88 50.34 
TiOo 1.95 2.32 1.65 2.00 2.37 1.60 1.64 1.95 2.06 1.90 1.84 2.99 
AI2Ö3 14.13 13.87 15.25 13.64 13.84 14.32 14.72 13.90 13.30 15.61 15.72 13.70 
Fe203 1.78 1.56 1.04 3.03 1.34 2.54 3.41 2.62 3.43 1.20 1.59 2.28 
FeO 11.26 12.79 10.00 9.94 12.65 9.96 7.78 9.59 9.19 9.92 9.69 11.64 
MnO 0.23 0.24 0.19 0.19 0.25 0.18 0.21 0.21 0.22 0.19 0.17 0.25 
MgO 6.50 5.60 7.80 6.41 5.86 6.94 7.27 6.78 6.80 7.79 7.97 5.34 
CaO 11.18 10.37 11.64 11.25 10.45 11.54 12.59 11.68 11.70 11.59 11.86 9.67 
Na.,0 2.39 2.25 2.07 2.58 2.50 2.32 2.22 2.33 2.42 2.25 2.31 2.86 
KoÖ 0.29 0.32 0.24 0.28 0.29 0.23 0.21 0.27 0.26 0.23 0.23 0.48 
P-'Oj 0.23 0.28 0.17 0.25 0.23 0.15 0.19 0.22 0.23 0.19 0.18 0.33 
Total 99.42 99.97 99.96 98.91 99.16 99.16 99.10 98.64 99.70 99.44 99.44 99.89 

CIPW norms (recalculated to 100 %) 

Qz 2.64 _ 0.83 0.17 0.14 0.53 0.70 2.32 _ 2.17 
Or 1.72 1.89 1.42 1.67 1.73 1.37 1.25 1.62 1.54 1.37 1.37 2.84 
Ab 20.34 19.04 17.52 22.07 21.33 19.80 18.96 19.99 20.54 19.15 19.66 24.23 
An 27.13 26.81 31.64 25.08 25.90 28.22 29.85 27.04 24.73 31.99 32.02 23.15 

f Wo 11.34 9.53 10.45 12.40 10.38 11.91 13.33 12.63 13.35 10.26 10.84 9.48 
Di En 5.53 4.06 5.67 6.65 4.55 6.39 8.32 6.96 7.71 5.66 6.13 4.41 

1 Fs 5.61 5.48 4.42 5.33 5.82 5.13 4.20 5.20 5.03 4.21 4.25 4.97 

TJ-,r J En 10.42 9.89 12.45 9.49 10.17 11.04 9.95 10.16 9.28 8.26 5.22 8.93 
n y s Fs 10.57 13.33 9.70 7.60 13.01 8.87 5.03 7.59 6.05 6.14 3.62 10.06 

Ol / Fo 0.23 — 0.92 — , — — — 3.92 6.03 — 

Ol { Fa 0.26 — 0.79 — — — — — — 3.21 4.61 — 

II 3.72 4.41 3.13 3.84 4.54 3.06 3.14 3.75 3.92 3.63 3.51 5.68 
Mt 2.60 2.26 1.51 4.44 1.96 3.71 4.99 3.85 4.99 i.75 2.32 3.31 
AP 0.54 0.65 0.39 0.59 0.54 0.35 0.44 0.52 0.53 0.44 0.42 0.77 

cont. 



(Table 2 continued). 

Sample No. GR-23A GR-23B KE-24 HE-30 HE-32 HE-35 LA-38 TJ-96 TJ-99 TJ-101a TJ-10lb TJ-104 
No. of anal. 8 5 8 12 10 11 8 13 6 14 11 12 

Si02 49.64 50.52 49.64 48.68 48.26 48.21 50.00 53.16 47.14 46.90 48.98 48.53 
TiOä 2.95 3.02 2.88 1.25 1.21 1.11 2.15 1.09 2.61 2.47 2.15 1.08 
AI2O3 13.40 13.77 13.72 14.70 15.36 14.98 13.73 15.89 14.97 13.38 15.69 15.30 
Fe20-i 1.86 1.94 3.22 1.39 1.35 1.37 2.55 1.11 1.64 1.52 1.71 1.31 
FeO 12.42 12.98 11.72 9.32 9.14 9.24 10.44 7.42 10.95 10.11 11.42 8.74 
MnO 0.19 0.28 0.24 0.18 0.17 0.17 0.21 0.15 0.20 0.29 0.24 0.18 
MgO 5.57 5.59 4.94 8.53 8.73 8.56 6.22 6.34 7.18 8.75 6.43 9.21 
CaO 9.81 10.14 10.15 13.05 13.13 13.53 11.23 10.78 11.62 14.79 11.40 13.91 
Na20 3.08 2.01 2.92 1.95 1.98 1.90 2.65 2.32 2.31 1.25 2.62 1.87 
K 2 6 0.48 0.47 0.55 0.09 0.10 0.08 0.34 0.59 0.21 0.08 0.20 0.03 
P2O5 0.31 0.33 0.35 0.11 0.10 0.10 0.26 0.10 0.21 0.26 0.08 0.06 
Total 99.72 101.00 100.33 99.25 99.53 99.25 99.78 98.95 99.04 99.79 100.92 100.22 

CIPW norms (recalculated to 100 °/o) 

Qz 4.34 1.27 _ _ _ 0.71 4.77 _ 
Or 2.84 2.75 3.24 0.54 0.59 0.48 2.01 3.52 1.25 0.47 1.17 0.18 
Ab 26.14 16.84 24.63 16.63 16.83 16.20 22.47 19.84 19.74 10.60 21.97 15.79 
An 21.38 26.89 22.63 31.33 32.88 32.35 24.62 31.53 30.15 30.73 30.18 33.19 

[ Wo 10.60 8.68 10.56 13.85 13.32 14.46 12.32 9.13 11.14 17.16 10.58 14.73 
Di En 4.78 3.81 4.80 7.93 7.73 8.27 6.33 5.12 5.90 10.02 5.13 8.79 

1 Fs 5.77 4.84 5.68 5.31 4.97 5.55 5.68 3.63 4.89 6.33 5.27 5.18 

TTv J En 7.87 9.97 7.46 7.35 5.06 4.93 9.20 10.83 5.63 7.09 5.57 4.09 11 y s Fs 9.51 12.66 8.82 4.92 3.25 3.31 8.25 7.67 4.66 4.48 5.72 2.41 

01 i 01 Fo 0.89 — — 4.29 6.35 5.81 — — 4.57 3.31 3.62 7.02 
Fa 1.18 — — 3.17 4.50 4.30 — — 4.17 2.31 4.10 4.56 

II 5.62 5.68 5.45 2.39 2.31 2.12 4.09 2.09 5.00 4.70 4.05 2.05 
Mt 2.71 2.72 4.65 2.03 1.97 2.00 3.71 1.63 2.40 2.20 2.46 1.90 
Ap 0.72 0.76 0.81 0.26 0.23 0.23 0.60 0.23 0.49 0.60 0.18 0.14 
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Table 3. Microprobe analyses of olivines, ma — macrophenocryst mi — microphenocryst. Sample location is shown on the map (Fig. 5) and g 
given in Appendix 1. 

p: 
o & 
p: 

(Table 3 continued). 

Sample No. 22 24 30ma 30mi 32ma 32mi 35 38 96 99ma 99mi 101A 101B 104ma 104mi 
No. of anal. 5 2 3 11 5 9 4 4 11 7 14 6 4 12 11 

Si02 37.50 38.22 39.71 39.98 40.02 40.13 39.07 38.18 41.26 39.97 39.60 39.99 40.07 39.68 39.36 
FeOt 26.02 29.39 13.56 13.67 13.31 13.19 13.71 20.88 13.14 17.46 17.63 17.85 17.28 13.80 13.98 
MnO 0.38 0.48 0.22 0.20 0.19 0.19 0.18 0.36 0.25 0.26 0.25 0.28 0.21 0.22 0.21 
MgO 33.12 30.62 45.72 45.52 45.92 45.12 44.53 38.88 43.42 41.60 40.47 42.86 43.42 45.43 45.82 
CaO 0.32 0.36 0.35 0.37 0.38 0.34 0.43 0.34 0.31 0.32 0.33 0.33 0.37 0.38 0.43 
Total 97.34 99.07 99.56 99.74 99.82 98.97 97.92 98.64 98.65 99.61 98.28 101.31 101.35 99.51 99.80 

Numbers of ions on the basis of 4 (0) 

Si 1.02 1.04 1.00 1.00 1.01 1.01 1.00 1.00 1.00 1.02 1.02 1.00 1.00 1.00 0.99 
Fe 0.59 0.67 0.28 0.29 0.28 0.28 0.29 0.46 0.39 0.37 0.38 0.37 0.36 0.29 0.29 
Mn 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 
Mg 1.35 1.24 1.71 1.70 1.71 1.69 1.70 1.52 1.59 1.58 1.56 1.60 1.62 1.70 1.71 
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 0.01 0.01 

Fo (mole-°/o) 69.40 64.99 85.73 85.58 86.01 85.91 85.23 76.84 85.23 80.94 80.36 81.06 81.75 85.44 85.38 

Sample No. 1 3 4ma 4mi 5ma 5mi 7 10 l ima l lmi 16 17 19ma 19mi 20ma 20mi 
No. of anal. 15 7 2 2 1 7 3 11 3 6 21 8 7 5 4 2 

Si02 39.40 39.26 39.11 38.86 39.51 39.37 38.66 39.10 39.74 39.47 38.94 38.52 39.16 39.00 38.65 38.76 
FeOt 19.75 22.62 15.97 16.32 16.52 20.17 22.43 19.15 10.97 14.62 17.69 18.97 15.05 14.87 14.81 18.40 
MnO 0.30 0.34 0.23 0.23 0.28 0.32 0.38 0.29 0.19 0.19 0.27 0.31 0.19 0.26 0.24 0.27 
MgO 40.42 38.68 43.93 45.18 42.56 39.75 39.06 40.52 48.67 46.45 42.11 43.90 43.58 43.86 46.77 44.51 
CaO 0.33 0.30 0.33 0.33 0.23 0.34 0.35 0.36 0.37 0.37 0.34 0.32 0.29 0.33 0.32 0.45 
Total 100.20 101.20 99.57 100.92 99.10 99.95 100.88 99.42 99.94 101.10 99.34 102.02 98.27 98.32 100.79 102.39 

Numbers of ions on the basis of 4 (0) 

Si 1.01 1.01 0.99 0.98 1.01 1.01 1.00 1.01 0.98 0.98 1.00 0.97 1.00 1.00 0.97 0.97 
Fe 0.42 0.49 0.34 0.34 0.35 0.43 0.48 0.41 0.23 0.30 0.38 0.40 0.32 0.32 0.31 0.38 
Mn 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 
Mg 1.54 1.48 1.66 1.69 1.62 1.52 1.50 1.56 1.79 1.72 1.61 1.65 1.66 1.67 1.74 1.66 
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 0.01 0.01 0.01 

Fo (mole-%) 78.49 75.29 83.06 83.14 82.11 77.62 75.63 79.04 88.77 84.99 80.91 80.49 83.77 84.01 84.91 81.17 
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Fig. 9. Frequency histogram 
of CaO content in olivine. Each 
block equals one analysis. The 
separation between low Ca 
olivines of plutonic rocks and 
high Ca olivines of extrusive 
and hypabyssal rocks is shown. 

390 olivine a n a l y s e s 

— u 

f h i 
0.1 

n n n r r 
0.2 

S m . 
OA 

T 0.5 

C a O in olivine (wt-%) 

All the analyzed plagioclase crystals have 
re la t ive ly h igh bu t va r iab le contents of FeO 
and MgO. FeO content is h igher in micro-
phenocrys t s t han in macrophenocrys ts . H a f -
ner et al. (1971) and Quaide (1972) suggested 
t h a t Fe and Mg do not en te r the plagioclase 
la t t ice in l una r plagioclases. They concluded 
tha t i ron especially exists ma in ly at i r r egu la r 
s t r uc tu r a l sites. The re fo re the Fe + Mg and 
Fe/(Fe + Mg) should ref lec t the coexist ing 
magma . 

B ryan and Ku l l e rud (1969) and Taylor et al. 
(1971) suggested, however , tha t Fe p robab ly 
subs t i tu tes for Al in l u n a r plagioclases and 
t h a t d iva len t Ca, Mg and Fe can f o r m the 
uni t of the type Ca(Mg, Fe)SigOg. 

All the analyzed plagioclases show s t rong 
posit ive corre la t ion of FeO + MgO w i t h 
albi te content . This corre la t ion is s igni f icant -
ly d i f f e r en t fo r qua r t z n o r m a t i v e tholei i tes 
and olivine no rma t ive tholeii tes. W h e n the 
albi te content ranges f r o m 17 to 42 (mole-%>) 
the FeO + MgO content changes f r o m 0.84 to 
1.30 in qua r t z no rma t ive tholeiites. In olivine 
n o r m a t i v e tholeii tes the corresponding va lues 
a re Ab 13—28 (mole-°/o) and FeO + MgO 
0.65—1.35. 

The phenocrys t s show a la rge var ia t ion of 
crysta l morphology (Fig. 10). Micropheno-
crys ts a re usual ly smal l la ths (acicular), 
usua l ly only 5 u m broad and 20—40 /<m long. 
They m a y also be skele ta l or hollow. Ac-
cording to Löfg ren (1974) th is morphological 
type is w h a t can be expected in basal ts of 
subaqua t ic origin. T a b u l a r morphology is 
observed too. 

The macrophenocrys t s a re la rge u p to 3 
mm. They a re f r e q u e n t l y rounded b u t la rge 
euhedra l plagioclases a re p resen t as well . In 
some samples crysta l f r a g m e n t s occur. Some 
corroded plagioclases observed indicate t ha t 
they are p robab ly xenocrys ts . 

Clinopyroxene. Cl inopyroxene is p resen t 
in most of the samples. Usual ly they are 
poor ly developed in the basa l t s s tudied. Mic-
rophenocrys t s a re more common than macro-
phenocrysts . The plot t ing of pa r t i a l micro-
p robe analyses (Table 5) on the Mg-Ca-Fe 
d i ag ram (Fig. 11) shows tha t all c l inopyro-
xenes fa l l ve ry nea r the Skaegaa rd f r ac t iona -
tion t rend . Carmichae l (1967) r epor ted pheno-
crysts and g roundmass c l inopyroxene t r ends 
which a re also shown in Fig. 11. 



Fig. 10. Plagioclase morphologies. A euhedral (acicular) plagioclase microphenocrysts (RE-11), B 
shallow-tailed plagioclase (RE-19), C normally zoned broken plagioclase phenocryst (RE-17), D euhedral 
plagioclase macrophenocryst (RE-19), E skeletal plagioclase (tabular shaped) (RE-17), F anhedral 

plagioclase xenolith (LA-38) 

1 m m 



Table 4. Microprobe analysar of plagioclases. ma - macrophenocryst, mi - microphenocryst. Sample location is shown on the map (Fig. 5) 
and given in Appendix 1. 

Sample No. lma lmi 3rna 3mi 4ma 4mi 5ma 5mi 7 lOma lOmi l lma  l lmi  l6ma 
No. of anal. 1 8 2 11 2 8 1 7 10 1 9 2 4 9 

- 
si08 48.74 52.32 53.05 53.75 48.69 48.59 47.61 51.51 51.32 47.40 50.76 50.49 40.77 48.00 
Ale08 33.99 29.98 30.40 30.09 34.82 34.69 32.99 29.27 30.59 33.57 29.88 33.40 33.18 3822 
FeOt 0.64 0.94 0.79 0.99 0.43 0.46 0.64 0.79 0.90 0.38 0.74 0.64 0.65 0.66 
nu0 0.21 0.41 0.24 0.26 0.19 0.19 0.21 0.19 0.22 0.16 0.31 0.29 0.27 0.18 
CaO 16.87 13.61 12.73 11.87 17.45 16.99 16.27 13.52 13.39 17.12 13.73 16.20 16.22 16.56 
N a g  1.86 3.06 3.81 3.80 1.46 1.45 1.89 3.30 4.08 1.76 3.40 2.55 2.57 1.90 
Re0 0.02 0.07 0.07 0.08 0.02 0.01 0.01 0.07 0.07 0.01 0.06 0.03 0.02 0.00 
Total 102.33 100.39 101.09 100.84 103.04 102.38 99.65 98.65 100.57 100.40 98.88 103.60 102.68 100.52 

Numbers of ions on the basis of 32 (0) 

Si 8.75 9.48 9.52 9.64 8.67 8.70 8.77 0.50 9.32 8.68 9.36 8.93 8.90 8.77 
Al 7.19 6.40 6.43 6.36 7.31 7.32 7.16 6.37 6.55 7.25 6.50 6.97 6.09 7.15 
Fe 0.10 0.14 0.12 0.15 0.06 0.07 0.10 0.12 0.14 0.06 0.11 0.09 0.10 0.10 
Mg 0.06 0.11 0.06 0.07 0.05 0.05 0.06 0.05 0.06 0.04 0.09 0.08 0.07 0.05 
Ca 3.24 2.64 2.45 2.28 3.33 3.26 3.21 2.67 2.61 3.36 2.71 3.07 3.11 3.24 
Na 0.65 1.07 1.33 1.32 0.50 0.50 0.68 1.18 1.41 0.62 1.22 0.87 0.89 0.67 
K 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.02 0.02 0.00 0.01 0.01 0.00 0.00 

An(m01e-010) 83.50 71.61 65.18 63.69 86.91 86.74 82.72 69.32 64.57 84.43 60.46 78.12 78.02 83.01 

(Table 4 continued, 1). 

Sample No. l 6 d  17ma 171ni 19ma l9mi 20 22ma 22mi 24ma 24mi 30ma 30mi 32 35 
No of anal. 5 2 4 4 11 7 3 9 1 8 6 4 6 10 

Slog 50.16 50.90 48.74 49.02 48.57 49.62 48.88 50.31 56.64 54.51 50.39 48.49 49.00 48.32 
Ah08 30.98 30.49 30.57 31.75 32.17 31.21 32.62 31.03 28.34 28.86 32.04 31.74 32.63 32.28 
FeO 0.70 0.39 0.69 0.69 0.73 0.76 0.73 0.96 0.67 0.97 0.66 0.67 0.52 0.52 
M a  0.30 0.32 0.30 0.22 0.19 0.21 0.22 0.21 0.20 0.23 0.35 0.29 0.33 0.31 
CaO 14.95 13.72 14.68 15.22 15.47 15.10 16.37 13.96 10.69 11.89 14.71 16.53 16.22 16.71 
NaeO 2.91 3.28 3.09 3.19 2.81 3.10 2.19 3.83 5.32 4.77 2.39 2.31 2.35 2.31 
Kso 0.05 0.07 0.03 0.03 0.00 0.05 0.08 0.09 0.18 0.14 0.00 0.02 0.03 0.02 
Total 100.05 99.17 98.10 100.12 99.94 100.05 101.06 100.39 102.04 101.37 100.00 100.05 101.08 100.47 

Numbers of ions on the basis of 32 (0) 

Si  9.17 9.34 9.11 8.99 8.92 9.09 8.88 9.18 10.02 9.76 9.13 8.91 8.89 8.85 
A1 6.68 6.59 6.73 6.86 6.97 6.74 6.99 6.68 5.91 6.09 6.84 6.88 6.98 6.07 
Fe 0.11 0.06 0.11 0.11 0.11 0.12 0.11 0.15 0.10 0.15 0.10 0.10 0.08 0.08 
M g  0.08 0.09 0.08 0.06 0.05 0.06 0.06 0.06 0.05 0.06 0.09 0.08 0.09 0.08 
Ca 2.93 2.70 2.94 2.99 3.04 2.97 3.19 2.73 2.03 2.28 286 3.26 3.15 3.B 
Na 1.03 1.17 1.12 1.13 1.00 1.10 0.77 1.36 1.82 1.66 0.84 0.82 0.83 0.82 
K 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.02 0.04 0.03 0.00 0.00 0.01 0.00 

AnImole-010) 74.26 70.17 72.84 72.59 75.47 72.90 80.44 66.65 52.45 57.89 77.84 80.11 79.54 80.31 
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(Table 4 continued, 2). 

Sample No. 
No. of anal. 

38 
6 

96ma 
2 

96mi 
7 

99ma 
3 

99mi 
9 

101A 
5 

101B 
2 

104ma 
4 

104mi 
12 

siOa 52.03 56.86 50.21 59.37 47.98 49.94 50.13 46.44 45.66 
A1203 30.27 27.06 29.86 26.16 32.69 30.98 30.72 34.36 34.80 
FeO 0.83 0.46 1.08 0.33 0.86 1.14 0.87 0.50 0.57 
MgO 0.32 0.05 0.55 0.43 0.23 0.32 0.31 0.24 0.21 
CaO 13.28 8.90 14.49 7.47 15.97 15.34 15.58 17.43 17.60 
Na-)0 3.90 5.98 2.86 7.18 2.59 3.16 2.64 1.70 1.51 
KäÖ 0.11 0.16 0.07 0.30 0.03 0.09 0.05 0.01 0.02 
Total 100.74 99.47 99.12 100.81 100.12 100.96 100.20 100.44 100.14 

Numbers of ions on the basis of 32 (0) 

Si 9.42 10.25 9.28 10.53 8.82 9.10 9.17 8.52 8.41 
Al 6.46 5.75 6.50 5.47 7.08 6.65 6.62 7.43 7.56 
Fe 0.13 0.07 0.17 0.05 0.13 0.17 0.13 0.08 0.09 
Mg 0.09 0.01 0.15 0.13 0.11 0.08 0.06 0.06 0.07 
Ca 2.58 1.72 2.87 1.42 3.14 2.99 3.05 3.43 3.48 
Na 1.37 2.08 1.02 2.47 0.92 1.12 0.94 0.60 0.54 
K 0.03 0.04 0.02 0.07 0.01 0.02 0.01 0.00 0.00 

An (mole-o/o) 65.39 44.90 74.40 35.90 77.22 73.04 76.62 84.18 86.63 

The CaO content of c l inopyroxenes in-
creases w i th decreas ing t e m p e r a t u r e (Green 
and Ringwood 1967). However , on the basis 
of the p resen t da ta the Ca/Mg and AL,0;, 
var ia t ions seem to be m o r e sensi t ive to the 

-whole rock composit ion. The re fo re especially 
Ca-Tschermaci t ic molecule (CaAl2SiO0) would 
ref lec t the whole rock composit ion and those 
condit ions w h e r e f rac t iona l crystal l izat ion or 
pa r t i a l mel t ing took place (Wood 1975). 

Microscopic ident i f ica t ion of the small 
py roxenes in quenched glasses is diff icul t , 
because the optical f e a t u r e s of pyroxenes and 
olivines a re a lmost identical . The shape of 
py roxene crysta ls usual ly d i f fe rs f r o m oli-
vines b u t in the rocks s tudied pyroxenes 
show s imi lar skele ta l and s u b h e d r a l fo rms as 
the olivines. Occasionally pyroxenes a re 
euhed ra l and t w i n n e d mak ing the ident i -
f ica t ion more easy (Fig. 12). 

Fig. 11. Average analyses of 
pyroxenes plotted in terms of 
Ca, Mg and Fe + Mn. • — 
clinopyroxene, O — olivine, 
A — pigeonite. The tie lines 
indicate mineral assemblages. 
Curves: S — Skaergaard trend 
(Deer et al. 1963) C/P — 
Thingmuli phenocryst trend 
(Charmichael 1967) C/G — 
Thingmuli groundmass trend 

P e (Carmichael 1967) 



Table 5. Microprobe analyses of clinopyroxenes. ma — macrophenocryst, mi — microphenocryst, — = not determined, Ca-Ts = Ca-Tscherm-
acitic molecule. Sample location is shown on the map (Fig. 5) and given in Aappendix 1. 

Sample No. 1 5 l lmi l ima 17 22mi 22ma 24mi 24mi 30 35 38 
No. of anal. 1 1 2 1 5 1 6 1 4 2 1 4 

Si02 49.69 53.58 51.16 50.08 49.75 51.81 51.06 47.62 48.03 51.80 49.06 50.43 
Al»Oa 4.13 4.01 2.49 5.02 4.41 2.02 1.84 4.12 4.84 6.11 5.01 4.73 
TiOo 1.23 1.12 0.40 0.26 1.00 0.85 0.98 1.11 1.20 0.17 0.16 1.28 
FeOt 10.13 6.37 6.19 3.79 7.27 8.78 12.32 13.22 11.21 4.36 4.57 8.09 
MnO 0.27 0.10 0.13 0.12 0.16 0.16 0.32 0.26 0.24 0.22 0.10 0.23 
MgO 15.31 15.45 17.98 16.85 16.01 14.85 14.30 14.98 14.00 18.45 18.57 16.46 
CaO 18.28 20.03 19.37 21.50 20.01 19.71 16.33 18.15 19.67 18.93 18.54 19.93 
NajO 0.28 0.25 0.18 0.18 0.28 0.30 0.28 0.37 0.48 0.27 0.00 0.35 
Cr«03 0.18 0.18 0.43 0.85 0.69 0.15 — — — 0.17 0.65 — 

Total 99.50 101.09 98.33 98.65 99.58 98.63 97.43 99.83 99.67 100.48 96.66 101.45 

Numbers of ions on the basis of 6 (0) 

Si 1.86 1.93 1.91 1.85 1.85 1.95 1.96 1.81 1.82 1.86 1.85 1.84 
Al 0.18 0.17 0.11 0.22 0.19 0.09 0.08 0.18 0.22 0.26 0.22 0.20 
Ti 0.03 0.03 0.01 0.01 0.03 0.02 0.03 0.03 0.03 0.00 0.00 0.04 
Fe 0.32 0.19 0.19 0.12 0.23 0.28 0.40 0.42 0.36 0.13 0.14 0.25 
Mn 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
Mg 0.86 0.83 1.00 0.93 0.89 0.83 0.82 0.85 0.79 0.99 1.04 0.90 
Ca 0.73 0.77 0.77 0.85 0.80 0.79 0.67 0.74 0.80 0.73 0.75 0.78 
Na 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.03 0.04 0.02 0.00 0.02 
Cr 0.01 0.01 0.01 0.02 0.02 0.01 — — — 0.00 0.02 — 

100 X Ca-Ts 344.1 440.3 49.8 618.8 294.2 75.7 29.2 0.0 71.9 1185.6 538.8 292.8 
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Fig. 12. Hour-glass twinned clinopyroxene 
(RE-17). 

Fig. 13. Chromium-spinel inclusions in olivine 
(RE-20). 

Spinel. Spinel is a common minera l in the 
rocks s tudied. Spinel crysta ls a re usual ly 
only f e w / i m ( < 5 ;«m) in d iameter . Usual ly 
spinel occurs in oc tahedra l gra ins and f o r m s 
t iny microphenocrys t s which a re p resen t as 
inclusions in olivine and r a r e ly in plagio-
clase crysta ls (Fig. 13). They m a y also be 
p resen t in the glass as microphenocrys ts . 

Table 6. Microprobe analyses of spinels. — = not 
determined. Sample location is shown on the map 

(Fig. 5) and given in Appendix 1. 

Sample No. 11 30 A 30B 

SiOs 1.59 0.15 0.62 
AI2O3 23.34 32.09 29.54 
TiOi 1.26 0.45 0.32 
FeOt 25.54 19.40 20.66 
MnO 0.20 0.23 0.22 
MgO 12.61 15.38 16.07 
CaO 1.32 0.02 — 

Cr203 28.89 29.97 30.50 
NiO 0.19 0.22 0.12 
V2O3 — 0.16 0.26 
Total 94.94 98.07 98.31 

Analyses of some typical spinels a re given 
in Table 6, which shows tha t they a re chro-
m i u m spinels. The low totals resu l t f r o m 
some dif f icul t ies in analyzing the v e r y small 
g ra ins because of the t endency of the b e a m to 
excite ad j acen t minera ls . 

I rv ine (1967) suggested t h a t h igh A1203 

indicates re la t ive ly high p ressure of crys ta l l i -
zation. However , on the basis of the presen t 
l imited da ta no such conclusion is w a r r a n t e d . 
In the spinels analyzed C r 2 0 3 is nea r ly con-
stant , bu t Mg/Fe* ra t io d i f fe rs more t han the 
analyt ica l e r ror . This Mg/Fe* ra t io is h igher 
in the ea r ly magmat ic chromites indicat ing 
tha t the l iquid composit ion can cause these 
d i f ferences . 

The presen t da ta has s imilar t endency in 
totals as descr ibed by B r y a n (1971), in o ther 
words, the lower the to ta l the lower the Mg/ 
Fe4 rat io. This indicates tha t more i ron can 
be in the t r iva len t s ta te . 

Glass inclusions 

General. Dur ing the crysta l l izat ion small 
amoun t s of m a g m a can become t r apped in the 
crystals . I t is of in teres t to k n o w the com-
posit ion of those glass inclusions because they 
can give in fo rma t ion about the orig.nal 
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m a g m a and possibly the condit ions w h e r e 
f rac t iona l crysta l l izat ion or pa r t i a l mel t ing 
took place. 

In the glass inclusions which usual ly con-
sist of glass and a gas phase (Fig. 14) t he r e 
a re some var ia t ion in chemis t ry be tween in-
clusion and host magma . In olivine crys ta ls 
the inclusions consist of a glass phase and a 
smal l gas bubble . In some of these inclusions 
t races of p y r o x e n e and spinel a re detected. 
In plagioclase crystals t he re is no evidence of 
s imi lar c rys ta l g r o w t h and the re is no gas 
phase p resen t in the inclusions. 

Almost all t he e n t r a p p e d glass inclusions 
h a v e composit ion in t e rmed ia t e be tween the 
g roundmass glass phase and the whole rock 
chemis t ry , indicat ing t h a t they a re f o r m e d 
f r o m similar magma . 

Using Anderson ' s (1973) me thod to es t imate 
the w a t e r content in possible original m a g m a 
using the glass inclusion chemis t ry , some of 
the basal t ic l iquids w e r e ini t ia l ly a lmost dry, 
bu t most of t hem had about 0.5—1.5. °/o wa te r 
content . 

Glass inclusions in olivines. The MgO con-
tent of the inclusions in the olivine micro-
phenocrys t s is lower (0.1—0.4 wt-°/o) t han in 
the su r round ing glass. This is caused by the 
d i f fus ion r a t e which is f a s t be tween the glass 
inclusion and olivine at re la t ive high t empe-
ra tu re . This leads ma in ly to the CaO and 
FeO en r i chmen t in glass inclusions. The re is 
no evidence of s ignif icant MgO increase n e a r 
the crysta l - inclusion in ter face . This is not in 
good ag reemen t wi th the s tudy of Anderson 
and Wr igh t (1972). 

In la rger olivine macrophenocrys t s s imilar 
CaO and FeO en r i chmen t in glass inclusion 
can be obta ined b u t in ever- increas ing 
amounts . This increase is ve ry m a r k e d for 
TiOo as would be expected w i th the f r a c -
t ional crystal l izat ion. 

However , in h ighly olivine no rma t ive (pri-
mit ive) tholei i tes the re is no s ignif icant d i f -
f e r ence in chemis t ry be tween the glass phase 

Fig. 14. Glass inclusion (glass and gas phases) in 
olivine (RE-17). 

Fig. 15. Window-like growth in glass inclusions 
in plagioclase (RE-11). 

and inclusions in phenocrysts . This migh t be 
due to high t e m p e r a t u r e and fas t d i f fus ion 
r a t e be tween the glass and crystal . 

Glass inclusions in plagioclases. In the 
small plagioclase phenocrys t s s imilar chemi-
cal e f fec t as described for olivine can be ob-
served. The CaO is lower (0.1—0.5 w t - % ) in 
the glass inclusions t han in the su r round ing 
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Di 

An 
Fig. 16. Simple iron-free system for critically 
undersaturated basalts (Yoder and Tilley 1962, Fig. 
10). Ab — albite, An — anorthite, Fo — forsterite, 

Di — diopside, Sp — spinel. 

glass. In s t rong zoned phenocrys t s the CaO 
en r i chmen t is not e f fec t ive and also CaO de-
crease can t ake place. 

In l a rge unzoned plagioclase phenocrys t s 
the inclusion chemis t ry is ve ry d i f f e r e n t f r o m 
the su r round ing glass chemist ry . These l a t t e r 
ones m a y be xenol i ths . (In the macropheno-
crys ts the window- l ike g r o w t h in the in-
clusions is the most widespread type (Fig. 
15).) 

Discussion-conclusions 

All glasses and coexist ing minera l s a re 
ve ry homogenous wi th in ind iv idual samples . 
Thin deplet ion zones, however , a re f o u n d 
a round phenocrysts . The glass su r round ing 
olivines is depleted in Mg and Fe and is en-
r iched in Ca and Al in a zone ex tending 
about 15 jum f r o m the oli vine-glass in ter face . 
Plagioclase phenocrys t s a re in most cases su r -
rounded by a zone deple ted in Ca and Al. 

These observat ions suggest t ha t pheno-
crysts crystal l ized largely in situ. 

The system Ab-An-Fo-Di 

In the crysta l l izat ion s tudy of basal ts the 
sys tem Ab-An-Fo-Di (Fig. 16) is used as a 
s imple model fo r the unde r s t and ing of crys-
tal l izat ion processes. This t e t r ahed ron in-
cludes the p r i m a r y phases of basalts , namely 
olivine, plagioclase and c l inopyroxene. The 
main l imita t ion of th is sys tem is t ha t it is 
calculated only in t e r m s of Na 2 0 , CaO, MgO, 
A1203 and S i0 2 . Such impor t an t components 
as FeO, F e 2 0 3 and T i 0 2 a re absent . However , 
it is clear t ha t such components as Fe.,03 and 
TiOg have not ve ry i m p o r t a n t ef fec t to the 
main crystal l izat ion because they f o r m pr in -
cipally accessory minerals , ma in ly i lmeni te 
and magnet i te . Bu t FeO enters the pyro-
xenes and olivines lower ing the i r l iquidus 
t empera tu re . 

However , this sys tem provides a convenient 
model for discussing the crysta l l izat ion p ro -
cesses of basal ts . The t e t r a h e d r o n su r face 
consists of four d i f f e r en t th ree -componen t 
sys tems of which the two most impor t an t a re 
br ie f ly discussed. 

The sub-system An-Di-Fo 

This sys tem (Fig. 17a) is of p r i m a r y im-
por tance because it includes all m a j o r phases 
of tholeii tes. The sys tem was s tudied by 
Osborn and Tai t (1952) who found tha t the 
sys tem has two pierc ing points and a spinel 
f ield w h e r e spinel crystal l izes as the p r i m a r y 
phase. 

The join Fo-Di is b ina ry and according to 
Schai re r and Yoder (1961, 1962) the eutect ic 
point moves s l ight ly t o w a r d the diopside 
corner w i th increasing w a t e r p ressure (fall ing 
t empera tu re ) . All o ther joins a re discussed in 
the l ight of Ab-An-Di system. 
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B 
Fig. 17. Plot of the glass analyses (Table 2) from the Ab corner on the equilibrium diagram of the 
system anorthite-diopside-forsterite. The 0 kb water pressure line A in Fig. B drawn from Osborn 

and Tait (1953). Other lines see text. 

The react ion of spinel w i th the l iquid at 
re la t ive ly high t e m p e r a t u r e to f o r m anor th i t e 
and fo r s t e r i t e p lays an i m p o r t a n t role du r ing 
the ea r ly s tage of crystal l izat ion. According 
to Kush i ro (1972) increas ing p ressure in the 
sys tem Ol-Pl-Qz af fec ts the f ie ld of spinel 
and Ca-poor py roxene expand ing t h e m re la -
t ive to those of anor th i t e and fors ter i te . He 
also found the same ef fec t in the f ive-com-
ponent sys tem Na, Ca, Mg, Al and Si. How-
ever, all these expe r imen t s were car r ied out 
u n d e r d r y condit ions and the re fo re the role 
of the volat i le components on the spinel 
crystal l izat ion is uncer ta in . I t appears most 
l ikely tha t the spinel f ie ld expands w i th in-
creasing w a t e r pressure . 

The p resen t da t a was ca lcula ted in the 
t e r m s of Na 2 0 , CaO, MgO, AL>03 and SiOo in 
the sys tem Ab-An-Di-Fo . T h e An-Di -Fo dia-
g r a m (Fig. 17b) shows the var ia t ion be tween 
indiv idual samples . As seen f r o m the f i gu re 
the analyses appa ren t l y g roup a round t h r ee 

dist inct para l le l curves (A, B and C). As all 
the samples appea r to have plagioclase and 
olivine cotectic, one exp lana t ion to the sh i f t 
f r o m the cu rve A to curve C is va r iab le w a t e r 
pressure . I t appears , special ly f r o m Yoder ' s 
(1965) exper iments , t ha t r is ing w a t e r p res su re 
expands olivine, spinel and c l inopyroxene 
f ields re la t ive to the plagioclase f ie ld moving 
the cotectic cu rve t o w a r d the plagioclase 
corner . 

The sub-system Ab-An-Di 

This haplobasal t ic sys tem (Bowen 1915) is 
f r e q u e n t l y used to show the crystal l izat ion 
processes of basal t ic magmas . Al though the 
sys tem has one b o u n d a r y cu rve it is not as 
s imple as prev ious ly considered. 

Osborn (1942) and Hy tönen and Scha i re r 
(1961) found tha t the join Di-An is not b i n a r y 
because of solid solution in diopside. Scha i re r 
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Fig. 18. The system diopside-albite-anorthite-forsterite laid out to show possible liquidus relations 
of the boundary systems. Lines A, B and C same as in Fig. 17. 

and Yoder (1960) also found t h a t the join Ab-
Di is not b i n a r y because of solid solution in 
plagioclase and tha t the piercing point be-
tween diopside and Ab-r ich plagioclase is 
located at Di10Ab90 hav ing about 7 °/o more 
diopside t h a n es t imated previously by Bowen 
(1915). T h e b o u n d a r y curve at 1 a tm (Fig. 18) 
is d r a w n on the basis of more recent sug-
gest ions by Kush i ro (1973). 

The resul ts on the basis of the basal t ic 
Ab-An-Di -Fo t e t r a h e d r o n suggest t ha t these 
basal ts on the p resen t crystal l izat ion level 
would only f r ac t iona t e ol ivine and plagio-
clase, b u t not c l inopyroxene. However , cl ino-
py roxene seems also to occur as phenocrys t 
in some of these basal ts . Some of these clino-
pyroxenes a r e au thol i ths fo rmed at g r ea t e r 
depths, because the c l inopyroxene s tabi l i ty 
f ie ld expands a t h igher pressures . 

However , the most successful resul t is t h a t 

the d i f f e r e n t d i ag rams in this sys tem show 
ve ry clear ly var ia t ion in w a t e r p res su re con-
dit ions be tween indiv idual samples . These 
resul ts a re in surpr i s ing ly good ag reemen t 
wi th the es t imat ions of or iginal w a t e r con-
ten ts on the basis of glass inclusion chemis t ry . 
Those basal ts which h a v e the h ighes t as-
sumed w a t e r p res su re also h a v e the h ighes t 
w a t e r content . This does not necessar i ly 
m e a n tha t the tota l p ressure should be d i f -
fe ren t . 

On the basis of this l imited da ta it is of 
in te res t to no te t ha t these 'h igh w a t e r pres -
sure ' samples can be regional ly re la ted . 
Gr imsvötn , Ke r l i nga r f j ö l l and Thor i s jökul l 
massif (only the lowermos t s t ra t ig raph ica l 
par t ) r ep resen t the h ighes t assumed w a t e r 
p res su re a reas in Cent ra l Iceland (Localities 
r e f e r to the sample n u m b e r s 22, 24 and 96, 
respect ively, in Fig. 5). 
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C The system CMAS 

The resu l t s der ived f r o m the sys tem Ab-
An-Di-Fo especially on the basis of d i f f e r en t 
wa te r p ressures can also be caused by d i f f e r -
en t i ron and t i t an ium contents in ind iv idual 
samples . For this reason the calculat ions 
w e r e also m a d e on the basis of more re levan t 
CMAS-sys tem (Fig. 19). 

This sys tem was in t roduced by O 'Hara 
(1968) and severa l pro jec t ions in this sys tem 
a re discussed in detai l by O 'Hara (1970, 1976). 
T h e calculat ions in this sys tem are on the 
basis of all m a j o r e lements : 
C = (mol.prop. CaO — 3 1 / 3 P 2 0 5 + 2 N a , 0 + 

2K,0 ) X 56.08 
M = (mol.prop. FeO + MnO + NiO + MgO — 

TiO») X 40.31 
A = (mol.prop. A1203 + C r 2 0 3 + F e 2 0 3 + 

N a 2 0 + K 2 0 + Ti0 2 ) X 101.96 
S = (mol.prop. S i 0 2 — 2 N a , 0 — 2 K , 0 ) X 

60.09 

This sys tem provides var ious possibili t ies 
using d i f f e r e n t sub-project ions . The object ive 
of the mode of the projec t ion used h e r e is to 
presen t the resul ts in a f o r m di rec t ly com-
pa rab le w i th weight pe r cent plots and p ro -
ject ions of the known phase equ i l ib r ium in 
the sys tem CaO — A1203 — MgO — Si0 2 . 

It is mean ing fu l to choose such sub-pro jec -
tion in this sys tem which include all t he 
m a j o r crys ta l phases of tholeii t ic basal ts . 
Sub-pro jec t ion O L - O P X - C P X - P L (Fig. 20) 
includes all these phases. The cotectic sur -
faces in this t e t r ahed ron a re d r a w n on the 
basis of 30 exper imen t s by S. S te in thorsson 
(unpubl . data) and 8 expe r imen t s of the 
au tho r using d i f f e r en t types of Icelandic 
basal ts . All exper imen t s w e r e car r ied out in 
d ry condit ions at 1 a t m pressure . 

Because the cotectic sur faces by chance 
are in d i f f icu l t positions in the t e t r a h e d r o n 
space, the p lo t t ing f r o m each corner on di f -
f e r e n t t h ree component d i ag rams leads to 
la rge scat ter . To minimize this e f fec t the 

M 
Fig. 19. The system CMAS (explanations see text). 
The tholeiitic basalt sub-projection plagioclase 
(PL) — olivine (OL) — orthopyroxene (OPX) — 

clinopyroxene (CPX) is shown. 

O L 

> C P X 

PL 

Fig. 20. The sub-projection OL-OPX-CPX-PL (see 
Fig. 19). The cotectic surfaces drawn using the 
present experimental data. PO is the projection 

point on the plane PL-OL-CPX. 

plot t ing f r o m point P O on the p lane O L - P L -
C P X is chosen (Fig. 21). This point is chosen 
because all t he samples which have PL, OL 
and C P X cotectic plot on the same po in t on 

O P X 



Fig. 21. Plot of the analyses 
from the point PO (Fig. 20) on 
the plane OL-CPX-PL in the 
sub-projection OL-CPX-OPX-
PL in the system CMAS. The 
0 kb water pressure line drawn 
using present experimental 

data. Other lines see text. Cl inopyroxene wt-% P l a g i o c l a s e 
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Ol i v i ne 

H j O ) 

the p lane OL-PL-CPX, and f r o m this poin t 
all t he analyses of this kind basal ts can be 
plot ted on this d iagram. 

All the samples a re d is t inguishable in a 
s imilar w a y as in the sys tem Ab-An-Di-Fo . 
According to O 'Hara ' s (1968) w a t e r p ressure 
expe r imen t s on the basis of A-CS-CM dia-
g r a m t h e curves A, B and C in Figs. 17b and 
21 can r ep resen t app rox ima te ly O, 1 and 2 
kb w a t e r pressures , respect ively. 

The expe r imen t s p e r f o r m e d in this s tudy 
plot exac t ly on the 0 kb curve. 

Trace elements 

If the chemical var ia t ion among the 
samples f r o m each single a rea can be ex -
pressed in t e rms of f r ac t iona l crysta l l iza t ion 
it is of in te res t to plot each t race e lement 
agains t an index of the degree of f r ac t iona l 
crystal l izat ion, the FeOVMgO rat io. In -
creasing va lues of the ra t io FeOVMgO indi-
cate more f r ac t iona ted samples (Fig. 22). 

The posit ive corre la t ions be tween the f r a c -
t ionat ion index and Ti, Mn, Cu and Zn as 
well as the negat ive corre la t ions be tween 
this ra t io and Ni, Co and Cr indicate f r a c -
t ional crysta l l izat ion involving olivine, p l a -
gioclase and pe rhaps pyroxene . The b reaks 
in Ni, Co and Cr t r ends indicate beginning of 
plagioclase crystal l izat ion. The v a n a d i u m 
contents show s ignif icant ly low values in 
some samples indicat ing main ly s t rong p y r o -
xene crystal l izat ion. 

If f r ac t iona l crysta l l iza t ion of olivine, 
plagioclase, spinel and c l inopyroxene is the 
cause it wou ld be expected tha t Cr and Ni 
a re ex t r ac t ed f r o m res idual l iquid. The re -
fore it is m e a n i n g f u l to compare those ele-
ments w i th an e lement which shows s t rong 
posit ive corre la t ion on increase w i th d i f -
fe ren t ia t ion . 

On the basis of Ti -Ni-Cr t r i ang le (Fig. 23) 
the samples s tudied f o r m very s t rong d i f -
fe ren t ia t ion t r end wi th in each geographica l 
group. This t r end also has f a i r ly good cor-
re la t ion w i th MgO. 
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The t rans i t ion meta ls s tudied are normal i -
zed to CI carbonaceous chondr i te as it shows 
the i r geochemical behav iou r (Fig. 24). Some 
f ea tu r e s emerge f r o m this f igure : 

— The t rans i t ion meta l d is t r ibut ion in ba -
salts s tudied fol lows r e m a r k a b l y well the 
chondr i te normal ized f ield of the ocean 
f loor basal ts . 

— Cu and Zn t rends do not fol low the t r end 
of the o ther t rans i t ion metals , because 
they b e h a v e as incompat ib le e lement d u r -
ing the ea r ly f rac t iona t ion stages. 

— Zn va lues a re lower t h a n on the basa l t 
f ield. 

— Co values a re sl ightly h igher t han on the 
basal t f ield p robab ly indicat ing special 
f e a t u r e of Icelandic basal ts . 

MgO variation diagram 

MgO var ia t ion d iagrams (Fig. 25) show the 
re la t ionships be tween t h e d i f f e r en t oxides in 
the rocks s tudied. The whole rock analyses 
a re plot ted wi th d i f f e r en t symbols f r o m the 
glass analyses to show the ef fec t of crysta l l i -
zation. Two in t e rmed ia t e rocks f r o m the 
K e r l i n g a r f j ö l l a rea a re also plot ted to em-
phasize the t rends . 

The CaO plot shows a b reak approx ima te ly 
at 9 % MgO. Before t ha t b r eak ol ivine is the 
only phase to crystal l ize and leads to the CaO 
enr ichment . TiO a and FeO enr iched approx i -
ma te ly down to 4 °/o MgO and b r e a k down 
very rapid main ly because of the Fe-Ti oxides 
crystal l izat ion. The sca t te r in the Fe-Mg 
plot t ing resul ts ma in ly f r o m d i f f e r e n t 
amoun t s of olivine crystal l izat ion. K 2 0 in-
creases a lmost exponent ia l ly wi th decreas ing 
of MgO. This is w h a t would be expected 
w h e n the ma in crystal l izing phases a re oli-
vine and plagioclase. 
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Model calculations 

The model calculat ions a re done on the 
basis of the end m e m b e r s of s epa ra t ed 
spat ia l groups. These t r ends are shown in 
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basalts from Atlantic Ocean 
floor (Frey et al. 1974) and 
basalts from FAMOUS area 

(Langmuir et al. 1977). 
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Fig. 7. The The i s t a reyk i r and R e y k j a n e s 
peninsu la t r ends a re discussed in some de-
tai ls below. 

The f rac t ioned olivine and plagioclase 
composit ions a re assumed to be i n t e rmed ia t e 
be tween t h a t expected in the pa ren t i a l 
m a g m a and in the res idual l iquid. The Thei -
s t a reyk i r t r end shows e x t r e m e var ia t ion 
against the index of the degree of f r ac t iona l 
crystal l izat ion, FeO' /MgO 1.67—1.21, and the 
end m e m b e r s can be ba lanced wi th about 5.4 
°/o olivine, Fo81 and 13 °/o plagioclase, An7 8 

f rac t iona t ion . However , assuming t h a t the 
f rac t iona ted minera l s a re more man t l e - l ike 
olivine Fo90 (O'Hara et al. 1975) and plagio-
clase more An rich, Angg, the cor responding 
ba lance f rac t iona t ion va lues a re 4 °/o and 10 
% respect ively. 

The R e y k j a n e s peninsula t r e n d shows 
la rge scat ter in Fig. 7, bu t the end m e m b e r s 
(RE-19, RE-17) can be ba lanced only wi th 
7.5 °/o olivine, Fo81, f rac t iona t ion . 

Summary 

1. The chemis t ry of t w e n t y - t w o subglacial 
basal ts f r o m eas tern and wes te rn vol-
canic zones of Iceland fol low clear ly the 
geopraphica l devia t ion p a t t e r n of post-
glacial rocks. 

2. The minera l s found as phenocrys t s a re 
olivine, plagioclase, c l inopyroxene and 
spinel. 

3. In genera l all t he microphenocrys t s ap-
p e a r to be in equ i l ib r ium w i t h t h e co-
exis t ing magma . 

4. The glass inclusions in olivine and pla-
gioclase crysta ls w i th s imilar chemis t ry 
to who le rock composit ion ind ica te t h a t 
phenocrys t s a re fo rmed in s imilar m a g m a 
as they a re n o w found . 

5. The morphology and size of the crysta ls 
show tha t the ma in crystal l izat ion took 
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place at least in two events. The f i r s t 
crysta l l iza t ion began a f t e r the m a g m a 
was in jec ted into a m a g m a c h a m b e r or 
c h a m b e r s wi th in Icelandic c rus t p ro -
ducing the l a rge macrophenocrys ts . T h e 
P - T condit ions w e r e a lmost cons tant and 
the cooling ra te of the m a g m a is ex-
pected to h a v e been ve ry slow. The se-
cond crystal l izat ion took place jus t be-
fo re the e rup t ion and the smal les t micro-
phenocrys t s f o r m e d at an ear ly s tage 
du r ing ascent. T h e cooling r a t e of the 
m a g m a is assumed to be order about 20— 
40 °C/h (Grove and Walke r 1977). 

6. T h e s t rong zoning in la rge olivine and 
plagioclase crysta ls is concluded to be 
cause of e f fec t ive m a g m a convect ion in 
the magmat ic chambers . 

7. The m a j o r and t race e lement da ta sug-
gest t h a t the m a g m a var ia t ion in the 
same area is caused by s t rong f r ac t iona l 
crystal l izat ion. 

8. The t rans i t ion meta l pa t t e rns in the 
basal ts s tudied fol low ve ry closely t h e 
chondr i t e normal ized plot of o ther ocean 
f loor basal ts indicat ing t h a t the basal ts 
s tudied cannot be p roduced f r o m a chon-
dri t ic source regions. 

9. The model calculat ions demons t r a t e t h a t 
basal ts f r o m the same a rea can be gene-
t ically evolved f r o m each o ther in t e rms 
of f r ac t iona l crystal l izat ion. The chemi-

cal d i f fe rence be tween the e x t r e m e end 
m e m b e r s of each spat ia l g roup need only 
5 ol ivine (Fogl) and 13 %> plagioclase 
(An78) f r ac t iona t ion to be balanced. 

10. T h e s tudies in the d i f f e r e n t basal t ic 
sys tems show var ia t ion b e t w e e n indi-
v idua l samples on the basis of d i f f e r e n t 
p ressure condit ions. The w a t e r p re s su re 
der ived is concluded to va ry regional ly . 

11. The w a t e r conten t es t imat ions of d i f f e r -
ent or iginal m a g m a types and the pres -
sure t r ends observed agree wel l w i th the 
fac t t ha t the solubi l i ty of w a t e r in 
m a g m a s increases w i th increas ing p res -
sure . 

12. According to the exper imen t s of Yoder 
and Til ley (1962) and O 'Hara (1968) in 
d i f f e r e n t basal t ic systems, it appears t h a t 
Ptot ^ PH-20, and the to ta l p res su re of t h e 
main crystal l izat ion does not exceed 2 kb 
(6—7 km). 
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A P P E N D I X 1 

Description of the samples 

Reykjanes peninsula 

RE-1 
Specimen is t aken f r o m Stapafe l l 
moun ta in which is s i tua ted wi th in 

a f r a c t u r e zone (Einarsson 1965). Two 
d i f f e r en t pi l low layers can be dis t in-
guished in the moun ta in separa ted 
by a th in tuff layer . The h a n d speci-
m e n is ve ry f ine gra ined and d a r k 
b r o w n in colour. The bedding also is 
ve ry clear. The only mine ra l visible 
is ye l low-greenish olivine. 
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RE-5 
Specimen is t aken f r o m the Svei-
f luha l s mounta in . This hyaloclas t i te 
complex is most ly produced by 
subaqua t ic f i s sure e rupt ions and the 
dis t inguish be tween each s t ruc tu r a l 
phase is ve ry clear. The h a n d speci-
m e n is f ine gra ined and b r o w n in 
colour. Olivine and plagioclase crys-
tals a re visible. 

RE-11 
S t a k i h n u k u r hil l is a pa r t of the 
Hell isheidi complex and according to 
Einarsson (1960) it is f o rmed main ly 
f r o m doler i te intrusions, which are 
pa r t l y covered by some holocene 
lava. The tuff in NW-side is f ine 
g ra ined and d a r k b r o w n in colour. 
Smal l plagioclase and olivine crys-
tals a re visible in hand specimen. 

RE-16 
RE-17 

The hill Sandfe l l south f r o m Litl i 
Meitill, Hellisheidi, is f o rmed of f ine 
gra ined s l ight ly palagni t ized hyalo-
clast i te tu f f . I ts re la t ive height is 
only 80 m. RE-16 is f r o m the SE-
pa r t of the hill and RE-17 f r o m W-
par t . Both of the samples a re t aken 
approx ima te ly 20 m above the 
basement . The h a n d specimen is 
ye l lowish-brown in colour and large 
whi t e plagioclase and yel lowish 
olivine crysta ls can be seen. 

RE-19 
RE-20 

Vifi lsfel l is a p a r t of the la rge 
Bla f jö l l mounta ins chain which is 
pa r t ly covered by holocene rocks. 
RF-19 is t aken near the basemen t 
and RE-20 f r o m about 100 m h igher 
level. The hyaloclas t i tes look ve ry 

f re sh and they are d a r k b r o w n in 
colour. Green olivine is the most 
a b u n d a n t mine ra l and only f ew 
plagioclase crys ta ls can be seen. 

Theistareykir area 

TH-3 
TH-4 
TH-7 
TH-10 

The specimens f r o m the The is ta rey-
kir a rea rep resen t d i f f e r e n t r idges or 
d i f f e r en t tab lemounta ins . They d i f fe r 
f r o m each o ther both in minera logy 
and in colour. The colour var ies 
be tween b r o w n and black. The 
minera l s visible in the hand speci-
men a re plagioclase or olivine or 
both of them. The rocks w e r e col-
lected by Dr. K. Grönvold. 

Thorisjökull massif 

TJ-96 
TJ-99 
TJ-101 
TJ-104 

The hole massif (9x7 km) is covered 
by ice. The re la t ive he ight of the 
moun ta in on the top of the ice is 750 
m. Samples w e r e collected f r o m the 
bo t tom of the hill wi th in about 50 m 
intervals . The specimens t aken f r o m 
the same a l t i tude f r o m d i f f e r en t pa r t 
of the hill d i f f e r f r o m each o ther 
sofar by colour as minera ls . The 
colour ranges f r o m l ight b r o w n to 
black and also the gra in size var ies 
be tween indiv idual samples. All 
specimens conta in e i ther wh i t e p la-
gioclase or g reen olivine or both of 
them. 
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Kerlingarfjöll area 

KE-24 
Spec imen w a s t a k e n in the middle of 
the Ke r l i nga r f j ö l l volcanic complex 
described by Grönvold (1972). T h e 
h a n d specimen is b r o w n in colour 
and no mine ra l s a re visible. Sample 
was collected by Dr. K. Grönvold . 

Hestfjall volcano 

HE-30 
HE-32 
HE-35 

T h e moun ta in is a l a rge r e m n a n t of 
the in terglacia l volcano. I t has been 
act ive also in glacial t imes and the 
n o r t h e r n p a r t of t h e hill is f o r m e d 
of f ine g ra ined b r o w n hyaloclast i te . 
Specimens w e r e collected wi th in 
about 50 m intervals , thus HE-30 is 
f r o m the top of t h e moun ta in and 
HE-32 and HE-35 a re f r o m 100 m 
and 250 m lower levels, respect ively. 
In all specimens the re a re only f ew 
minera l s visible or none at all. 

Landmannalaugar area 

LA-38 
Specimen is t a k e n f r o m a smal l 
u n n a m e d hill south of the moun ta in 
Stora Kyl ing. T h e h a n d specimen is 
coarse gra ined and d a r k b r o w n in 
colour. La rge plagioclase crysta ls a re 
visible. F u r t h e r the specimen conta ins 
some small xenol i ths of gabbroic 
composit ion. These xenol i ths can be 
expla ined as contamina t ion f r o m 
nea r s i tua ted Tor fa jöku l l acid massif . 

Grimsvötn area 
GR-22 
GR-23 

Gr imsvö tn is an act ive volcanic 
depression in the middle of the 
Va tna jöku l l ice massif . The volcano 
has been ve ry act ive also in h is tor i -
cal t imes e rup t ing approx ima te ly 
every 10th year . GR-22 and GR-23 are 
t aken f r o m Sva r t i bunk i and Naggur 
mounta ins , respect ively. They a re 
black in colour and contain no visible 
minera ls . The rocks w e r e collected 
by Dr. K. Grönvold . 
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