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Analyses of a number of subglacially formed basaltic hyaloclastites
are used to evaluate various properties of the magmas on eruption.
Glass inclusions in olivine and plagioclase crystals have similar com-
position as the surrounding glass and crystals are therefore true
phenocrysts. These data combined with simplified experimental
systems can be used to show that crystallization of the lavas studied
took place under varying water pressure conditions. The maximum
total pressure did not exceed 2 kb. Mineral liquid calculations show
that variation between samples from any single area can be ex-
plained by fractionation less than 20 ° olivine and plagioclase.
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Introduction

This paper describes the petrography and
chemistry of some Pleistocene hyaloclastites
in Iceland. These rocks are basaltic magmas
quenched in water (mainly glacial melt
water) upon eruption. Phenocrysts are there-
fore unaffected by reactions occuring upon
cooling and crystallization.

Iceland provides an unique opportunity to
study naturally quenched and completely
fresh basaltic rocks. This offers the possi-
bility to study the composition and homo-
genity of crystals and liquids and conclusions
can be drawn about the state of equilibrium.

Analytical data on 22 samples are pre-
sented. They are quartz- and olivine-norma-
tive tholeiites not far from the normative

quartz saturation plane. All samples studied
have phenocrysts of olivine, plagioclase and
most often clinopyroxene, which in general
appear to be in equilibrium with the co-
existing liquids. Xenocrysts, clearly out of
equilibrium under any conditions, are found
in basalts from near the central volcanoes
and can be explained as contamination from
acid rocks.

The chemical variation in the basalts is
mainly discussed on the basis of Ab-An-Di-
Fo- and CMAS-systems. The main result is
that the total pressure of the main crystalli-
zation does not exceed 2 kb (~~ 6—7 km). The
derived water pressures vary regionally.
Estimates of original water contents, using
glass inclusion chemistry in crystals, indicate
that those basalts which equilibrated at the
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Fig. 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. Foreset bedded pillow-
breccia, 7. Lava, 8. Scree.

highest assumed water pressure also have the
highest water content.

The model calculations demonstrate that
the basalts from the same area can be inter-
related by a process of fractional crystalli-

zation. However, due to limited data no
further attempt has been made to evaluate

the origin and evolution of these basalts.

Petrology of hyaloclastites
General

The origin of the hyaloclastites has been
discussed extensively in the literature. At
an early state (e.g. Pjetruss 1900; Thoroddsen
1906) these formations were believed to be
remnants of larger volcanoes affected by
erosion and faulting.

However, after 1920 (Peacock 1926a, 1926b,
Noe-Nygaard 1940, Kjartansson 1943) it was
recognized that the hyaloclastite tuffs (pa-
lagonite formation or moberg formation) are
of subglacial or subaquatic origin and formed
by rapid chilling of the magma in contact
with water.

In the previous mentioned works (e.g. Pea-
cock 1926a, Noe-Nygaard 1940) the terms
palagonite or moberg formations were used.
Rittman (1961) proposed a new term ’hyalo-
clastite’ for primary palagonites. The term
palagonite in Iceland has been extended to all
kinds of deposits which include fragmented
subglacial basaltic lavas, glacial moraines,
tuffs and alluvial deposits (Nayudu 1964).

The hyaloclastite term in the present study
is used genetically and includes the products
of subglacial or subaquatic eruptions. The
present author does not treat the structures
of subglacial formations (but rather the mine-
ralogical problems) but a short description is
given for some of them.

The subaquatic volcanic piles have a re-
gular structural sequence (Fig. 1) consisting
of pillow lavas at the base, covered by pillow
breccias and finally glassy tuffs (e.g. Noe-Ny-
gaard 1940, Bemmelen and Rutten 1955, Sig-
valdason 1968, Jones 1970).

The following short definition is cited from
Gronvold (1972).
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Fig. 2. Palagonitization of glass, Sveifluhdls. A=
sideromelane glass, B=0.01—0.02 mm wide pala-
gonitization rim.

Pillow lava: Used in the conventional sense
for basaltic and intermediate rocks. There
is a considerable variation in the size of
the pillows, their regularity and the rela-
tive amount of the interpillow matrix.

Pillow-breccia: In some cases breccias are so
obviously formed from fragments of broken
pillows that they are given this special
name. The clasts in pillow breccias are
characteristically elongated and angular
and frequently one side has a glassy skin.

Hyaloclastite tuff or glassy tuff: Fine grained
basaltic or andesitic rock. Made dominant-
ly of small very vesicular sideromelane
(brown glass) fragments, sometimes altered
to palagonite.

The subaquatic basalts studied here show
many common textural and petrographical
features. Peacock (1926a) and Tyrrel and
Peacock (1926) made detailed microscopic
studies of the tuffs. They subdivided the
glasses into two types; sideromelane which is
clear, colourless to yellowish brown, and
tachylite which is opaque and clouded with
minute ore grains. The glass may then alter

Fig. 3. Vesicular single glass shard (containing

scattered euhedral phenocrysts) from a relatively

coarse grained hyaloclastite tuff of olivine norma-
tive tholeiite (RE-19).

after deposition. The initial alteration pro-
duct is palagonite. Palagonitization is mainly
a hydration process at a relatively low tem-
perature (Peacock 1926a, Hoppe 1941, Furnes
1974, 1975).

Jakobsson (1971) studied the hyaloclastites
of Surtsey and showed that considerable
amount of SiO,, Al;O3, CaO, Na,O and K,O
are leached from the glass during palagoniti-
zation, HyO is absorbed and Fe is oxidized to
give the glass a rust brown colour (Fig. 2).

Furnes (1974, 1975) studied experimentally
the palagonitization process and demon-
strated the same effect as described by Ja-
kobsson (1971).

The rocks studied range from fine grained
(9 mm) to coarse grained (9 cm). The quartz
normative rocks are usually much more fine
grained than the olivine normative ones (Figs.
3 and 4). This probably reflects different
water content and viscosity. The rocks
studied have also high amount of vesicles up
to 60—70 . Several authors (e.g. Jones 1969)
have tried to use the vesicularity as a depth
indicator.
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Fig. 4. Fine grained hyaloclastite tuff of quartz

Mineral phases identified in the glasses are
olivine, plagioclase, clinopyroxene, albite,
pigeonite, spinel and some iron oxides. Oli-
vine, plagioclase, clinopyroxene and spinel
form the phenocryst phases. In all samples
olivine and plagioclase occur as phenocrysts,
but some rocks contain only a very few
crystals. The principal mineralogical differ-
ence between individual samples is the varia-
tion in the total amount of olivine and plagio-
clase phenocrysts.

All the phenocrysts are divided into micro-
phenocrysts (@ <30 um) and less abundant
macrophenocrysts (& > 30 um).

The sample locations are shown in Fig. 5.
The criteria used for the sample selection
were 1) to get as representative series of
samples from all the tholeiitic volcanic zones

normative tholeiite (containing few anhedral
xenocrysts) (GR-22).
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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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Fig. 6. Plot of the analyses on
the AFM diagram. @=whole
rock analyses (Table 1). O=
glass analyses (Table 2). A=
Na20+K20, F=FeO+F203, M

=MgO. A

of Iceland as possible and 2) to use only fresh
rocks where no palagonitization can be found.
Also all breccia types were excluded. All the
samples used here are briefly described in
Appendix 1.

Analytical methods

All mineral and glass analyses were carried
out on an automatic ARL-SEMQ microprobe.

The hyaloclastites were mounted directly
in epoxy for analyses. For whole rock anal-
ysis about 100 mg of sample powder were
melted in a Pt loop in a furnace at 1315° C
for 2 hours with oxygen fugacity close to the
QMF-buffer. The sample was quenched in
water and the glass was mounted and anal-
vzed in the same way as natural glasses.

Major element analyses were obtained by
operating the electron probe at an accele-
rating potential of 15 kV and 25 nA sample
current. Counting time of 20 seconds on peak
and 4 seconds on background was used.

The correction procedure of Bence and

Albee (1968) was used and the correction
factors of Albee and Ray (1970). Data for all
standards are available at the Nordic Volca-
nological Institute (Imsland 1978).

FeO in the glass fraction (separated by
bromoform) was determined by the modified
Wilson method, in the quenched glass the
Fe,03/FeO is assumed to be 0.15.

Trace element analyses were carried out
using 25 kV accelerating potential and 60
nA—0.6 uA sample current. The detection
limit depends on the element and the matrix
but 100 ppm detection limit is typical unless
special operating conditions are employed.
Counting times used were 100 seconds and 10
seconds on peak and background, respective-
ly. The X-ray peak intensities were corrected
for background intensity only.

Standards employed for the various trace
elements were as follows: augite and horn-
blende (Mason and Allen 1973) for all transi-
tion metals in low concentrations. In high
concentrations the standards were: 99.99 °/o
pure metals for V, Co and Ni, rhodonite for
Mn and Zn and synthetic calchopyrite for Cu.



86 Heikki Mékipaa

Di

Ne Qz

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-
jokull 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

Whole rock analysis

The samples were collected from all the
tholeiitic volcanic zones of Iceland (Fig. 5).
The major element chemistry of the rocks
studied follows remarkably well the geo-
graphical pattern of the rock type distri-
bution described by Jakobsson (1972).

The whole rock analyses are listed in Table
1 and plotted on the AFM diagram (Fig. 6).
Each reported value is the average of many
(up to 20) spot analyses which all vary within
the range of the analytical standard devia-
tions.

In the normative Qz-Di-Hy-Ol-Ne diagram
(Fig. 7) all the samples are very near the
silica saturation plane, which divides the
quartz and olivine normative tholeiites.

The trace element data including all transi-
tion metals (except Sc and Fe) is given in
Table 1. Because some elements are strongly
affected by fractionation of a specific phase
(e.g. Ni and Co in olivine and V in clinopyro-
xene), they provide a sensitive test of frac-
tional crystallization models.

separated spatial groups.

Glass analysis

The natural glass analyses are listed in
Table 2 and plotted on the same AFM dia-
gram (Fig. 6) with the whole rock composi-
tions to show the effect of crystallization.

Mineral analysis

Olivine. Olivine is present in all samples.
Commonly the olivine crystals are very small
(approximately 5—30 um in diameter) and
only few samples contain larger crystals. The
olivine phenocrysts show a variety of crystal
forms (Fig. 8). Usually microphenocrysts are
euhedral but a subhedral shape is common.
As seen in many Mid-Atlantic ridge basalts
the olivine phenocrysts show varying degree
of irregular and lattice-like growth (Bryan
1972). Every sample of this study shows
evidence of similar growth.

Analyses of olivines are listed in Table 3.
The Fo-contents vary between 65.0 and 89.0
mole-%.
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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 shewn on the map (Fig. 5) and given in Appendix 1.

All microphenocrysts are homogenous and
unzoned. In some macrophenocrysts a slight
zoning (less than 2 mole-/0 Fo) is found, both
normal and occasionally reverse. The liquid-
crystal boundary was also studied and a com-

Sample No. RE-1 TH-3 TH-4 RE-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
SiOg 49.23 49.64 49.05 48.98 49.01 49.26 48.26 47.75 48.44 46.89 47.50
TiOg 1.62 1.91 1.35 1.63 1.96 1.34 1.07 1.40 1.51 1.60 1.54
AlO3 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
NasO 2.41 2.51 2.15 2.39 2.55 1.99 1.44 2.05 2.08 2.02 2.03
KO 0.20 0.23 0.18 0.20 0.22 0.18 0.10 0.16 0.17 0.16 0.15
Py05 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 FesOg/FeO =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 En 5.85 4.85 6.76 5.67 4.30 4.92 6.21 4.29 5.60 5.36 5.26
l Fs 4.78 5.28 4.27 4.82 4.88 4.39 2.61 3.65 4.59 3.50 3.20
H En 8.52 10.40 8.31 8.48 10.54 13.25 14.72 8.76 10.20 8.36 9.57
y Fs 6.97 11.31 5.25 7.23 11.95 11.82 6.19 7.44 8.35 5.46 5.82
o1 Fo 3.69 0.77 4.31 3.02 0.76 — 6.34 287 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 2.77 313 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
FeOt/MgO 1.56 2.12 121 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.

positional gradient is no wider than about 15
um from the olivine-glass interface.

All the analyzed olivine crystals are prob-
ably phenocrysts but in two samples (KE-24
and LA-38) anhedral olivines may be xeno-
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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
SiOy 49.92 49.49 50.8¢  50.22  48.49 50.22 51.59 54.60  47.36 46.71 48.60
TiOy 2.59 2.49 2.87 1.07 1.06 0.97 2.39 0.97 1.46 1.46 1.34
AlyOg 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 5.42 512 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
NasO 2.98 2.80 2.21 1.26 1.49 1.41 1.82 1.71 2.28 2.26 1.85
K»s0 0.31 0.45 0.43 0.10 0.08 0.10 0.45 0.65 0.25 0.24 0.03
P05 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 FeyO3/FeO=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
I 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 447 4.98 2.10 411 5.12 4.37 2.73 3.68 5.79 6.07 8.55
1 Fs 497 6.01 3.18 2.38 3.13 2.40 2.59 2.31 4.35 4.67 6.23
H { En  9.07 7.92 8.53 21.62 17.48  21.76 13.95 15.05 6.10 4.22 6.55
¥ Fs 10.09 9.56 12.92 12.52 10.68 11.96 13.22 9.44 4.58 3.25 4.78
o1 { Fo — — — — 1.23 — — — 5.73 6.90 3.59
Fa — — — — 0.83 — — — 4.74 5.85 2.88
11 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

lithic judged by their abnormal calcium con-
tent (Fig. 9) (Simkin and Smith 1970).
Plagioclase. Analyses of plagioclase micro-
and macrophenocrysts are listed in Table 4.
The anorthite contents vary between 57.9

T

and 87.0 mole-%o.

The small plagioclase laths are homogenous
and unzoned. The large phenocrysts are
strongly zoned and a variety of zoning types
can be found.



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.

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 N 10 9 16 8 9 9 10

SiOy 49.48 50.37 49.91 49.34 49.38 49.38 48.86 49.09 50.09 48.57 47.88 50.34
TiOs 1.95 2.32 1.65 2.00 2.37 1.60 1.64 1.95 2.06 1.90 1.84 2.99
Al,03 14.13 13.87 15.25 13.64 13.84 14.32 14.72 13.90 13.30 15.61 15572 13.70
FeyO3 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
NasO 2.39 2.25 2.07 2.58 2.50 2.32 2.22 2.33 2.42 225 2.31 2.86
K50 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>05 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 — — Pt
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
I 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 6.13 441
l 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

Hy { 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
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 —
Fa 0.26 — 0.79 — — — == = — 3.21 4.61 —

11 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 1.75 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.
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(Table 2 continued).

Sample No. GR-23A GR-23B KE-24 HE-30 HE-32 HE-35 LA-38 TJ-96 TJ-99 TJ-1012 TJ-101P TJ-104
No. of anal. 8 5 8 12 10 11 8 13 6 14 11 12
SiO2 49.64 50.52 49.64 48.68 48.26 48.21 50.00 53.16 47.14 46.90 48.98 48.53
TiO2 2.95 3.02 2.88 1.25 1.21 1.11 2.15 1.09 2.61 2.47 2.15 1.08
Al203 13.40 13.77 13.712 14.70 15.36 14.98 13713 15.89 14.97 13.38 15.69 15.30
Fe203 1.86 1.94 3.22 1.39 1.35 1.37 2.55 1.1 1.64 1.52 1.7 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
K20 0.48 0.47 0.55 0.09 0.10 0.08 0.34 0.59 0.21 0.08 0.20 0.03
P20y 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 %)
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 3y 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 7.713 8.27 6.33 5.12 5.90 10.02 5.13 8.79
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
H 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
y 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
o1 { 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 i —_ 4.17 231 4.10 4.56
11 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 291 272 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

given in Appendix 1.

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

SiO2 39.40 39.26 39.11 38.86 39.51 39.37 38.66 39.10 39.74 3947 38.94 3852 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 4256 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 8211 77.62 75.63 79.04 88.77 8499 8091 80.49 83.77 84.01 84.91 81.17
(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 E 11 7 14 6 4 12 11

SiO» 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 1.70 1.571 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-"/0) 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
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All the analyzed plagioclase crystals have
relatively high but variable contents of FeO
and MgO. FeO content is higher in micro-
phenocrysts than in macrophenocrysts. Haf-
ner et al. (1971) and Quaide (1972) suggested
that Fe and Mg do not enter the plagioclase
lattice in lunar plagioclases. They concluded
that iron especially exists mainly at irregular
structural sites. Therefore the Fe + Mg and
Fe/(Fe + Mg) should reflect the coexisting
magma.

Bryan and Kullerud (1969) and Taylor et al.
(1971) suggested, however, that Fe probably
substitutes for Al in lunar plagioclases and
that divalent Ca, Mg and Fe can form the
unit of the type Ca(Mg, Fe)SizOg.

All the analyzed plagioclases show strong
positive correlation of FeO + MgO with
albite content. This correlation is significant-
ly different for quartz normative tholeiites
and olivine normative tholeiites. When the
albite content ranges from 17 to 42 (mole-%/o)
the FeO + MgO content changes from 0.84 to
1.30 in quartz normative tholeiites. In olivine
normative tholeiites the corresponding values
are Ab 13—28 (mole-%) and FeO + MgO
0.65—1.35.

The phenocrysts show a large variation of
crystal morphology (Fig. 10). Micropheno-
crysts are wusually small laths (acicular),
usually only 5 um broad and 20—40 xm long.
They may also be skeletal or hollow. Ac-
cording to Lofgren (1974) this morphological
type is what can be expected in basalts of
subaquatic origin. Tabular morphology is
observed too.

The macrophenocrysts are large up to 3
mm. They are frequently rounded but large
euhedral plagioclases are present as well. In
some samples crystal fragments occur. Some
corroded plagioclases observed indicate that
they are probably xenocrysts.

Clinopyroxene. Clinopyroxene is present
Usually they are

poorly developed in the basalts studied. Mic-

in most of the samples.

rophenocrysts are more common than macro-
The plotting of partial micro-
probe analyses (Table 5) on the Mg-Ca-Fe
diagram (Fig. 11) shows that all clinopyro-
xenes fall very near the Skaegaard fractiona-
tion trend. Carmichael (1967) reported pheno-
crysts and groundmass clinopyroxene trends
which are also shown in Fig. 11.

phenocrysts.



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

plagioclase xenolith (LLA-38)




Table 4. Microprobe analyses of plagioclases. ma — macrophenocryst, mi — microphenocryst. Sample location is shown on the map (Fig. 5)

and given in Appendix 1.

Sample No. 1ma 1mi 3ma 3mi 4ma 4mi 5ma 5mi ' 10ma 10mi 1lma 11mi 16ma
No. of anal. 1 8 2 11 2 8 1 7 10 1 9 2 4 9
SiO2 48.74 52.32 53.05 53.75 48.69 48.59 47.61 51.51 51.32 47.40 50.76 50.49 49.77 48.00
Al20g 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 33.22
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
MgO 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 1712 13.73 16.20 16.22 16.56
Na20 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
Ks0 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 9.50 9.32 8.68 9.36 8.93 8.90 8.77
Al 7.19 6.40 6.43 6.36 7.31 1.32 7.16 6.37 6.55 7.25 6.50 6.97 6.99 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 1.18 141 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 (mole-/0) 83.50 71.61 65.18 63.69 86.91 86.74 82.72 69.32 64.57 84.43 69.46 78.12 78.02 83.01
(Table 4 continued, 1).
Sample No. 16mi 17ma 17Tmi 19ma 19mi 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
Si02 50.16  50.90  48.74  49.02 4857  49.62 4888 5031  56.64 5451  50.39 4849  49.00  48.32
Al203 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
MgO 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
Na20 291 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
K20 0.05 0.07 0.03 0.03 0.00 0.05 0.05 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
Al 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 6.97
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
Mg 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 2.86 3.26 3.15 3.28
Na 1.03 1.7 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
An (mole-'/o) 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

cont.
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(Table 4 continued, 2).

Sample No. 38 96ma 96mi 99ma 99mi 101A 101B 104ma 104mi
No. of anal. 6 2 7 9 5 2 4 12
SiO2 52.03 56.86 50.21 59.37 47.98 49.94 50.13 46.44 45.66
Al203 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
Na2O 3.90 5.98 2.86 7.18 2.59 3.16 2.64 1.70 1.51
K»0 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-/0) 65.39 44.90 74.40 35.90 77.22 73.04 76.62 84.18 86.63
The CaO content of clinopyroxenes in- Microscopic identification of the small

creases with decreasing temperature (Green
and Ringwood 1967). However, on the basis
of the present data the Ca/Mg and ALO,
variations seem to be more sensitive to the
-whole rock composition. Therefore especially
Ca-Tschermacitic molecule (CaAl,SiO;) would
reflect the whole rock composition and those
conditions where fractional crystallization or
partial melting took place (Wood 1975).

pyroxenes in quenched glasses is difficult,
because the optical features of pyroxenes and
olivines are almost identical. The shape of
pyroxene crystals usually differs from oli-
vines but in the rocks studied pyroxenes
show similar skeletal and subhedral forms as
the olivines. Occasionally pyroxenes are
euhedral and twinned making the identi-
fication more easy (Fig. 12).

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

- b4

Thingmuli groundmass trend

Fe (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 11mi 11ma 17 22mi 22ma 24mi 24mi 30 35 38

No. of anal. 1 1 P 1 5 1 6 1 4 % a | 4

SiO2 49.69 53.58 51.16 50.08 49.75 51.81 51.06 47.62 48.03 51.80 49.06 50.43
Al203 4.13 4.01 2.49 5.02 4.41 2.02 1.84 4.12 4.84 6.11 5.01 4.73
TiO2 1.23 1.12 0.40 0.26 1.00 0.85 0.98 15| 1.20 0.17 0.16 1.28
FeOt 10.13 6.37 6.19 3.79 7.97 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
Na20 0.28 0.25 0.18 0.18 0.28 0.30 0.28 0.37 0.48 0.27 0.00 0.35
Cro03 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
T1 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 6.7 29.2 0.0 71.9 1185.6 538.8 292.8
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Hour-glass twinned
(RE-17).

Fig. 12. clinopyroxene

in olivine

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

Spinel. Spinel is a common mineral in the
rocks studied. Spinel crystals are usually
only few um (<5 um) in diameter. Usually
spinel occurs in octahedral grains and forms
tiny microphenocrysts which are present as
inclusions in olivine and rarely in plagio-
clase crystals (Fig. 13). They may also be
present in the glass as microphenocrysts.

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 30A 30B
SiO2 1.59 0.15 0.62
Al2Og 23.34 32.09 29.54
TiO2 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
V203 — 0.16 0.26
Total 94.94 98.07 98.31

Analyses of some typical spinels are given
in Table 6, which shows that they are chro-
mium spinels. The low totals result from
some difficulties in analyzing the very small
grains because of the tendency of the beam to
excite adjacent minerals.

Irvine (1967) suggested that high Al,O,
indicates relatively high pressure of crystalli-
zation. However, on the basis of the present
limited data no such conclusion is warranted.
In the spinels analyzed Cr,O; is nearly con-
stant, but Mg/Fet ratio differs more than the
analytical error. This Mg/Fe! ratio is higher
in the early magmatic chromites indicating
that the liquid composition can cause these
differences.

The present data has similar tendency in
totals as described by Bryan (1971), in other
words, the lower the total the lower the Mg/
Fe! ratio. This indicates that more iron can
be in the trivalent state.

Glass inclusions

General. During the crystallization small
amounts of magma can become trapped in the
crystals. It is of interest to know the com-
position of those glass inclusions because thev
can give information about the orig:nal
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magma and possibly the conditions where
fractional crystallization or partial melting
took place.

In the glass inclusions which usually con-
sist of glass and a gas phase (Fig. 14) there
are some variation in chemistry between in-
clusion and host magma. In olivine crystals
the inclusions consist of a glass phase and a
small gas bubble. In some of these inclusions
traces of pyroxene and spinel are detected.
In plagioclase crystals there is no evidence of
similar crystal growth and there is no gas
phase present in the inclusions.

Almost all the entrapped glass inclusions
have composition intermediate between the
groundmass glass phase and the whole rock
chemistry, indicating that they are formed
from similar magma.

Using Anderson’s (1973) method to estimate
the water content in possible original magma
using the glass inclusion chemistry, some of
the basaltic liquids were initially almost dry,
but most of them had about 0.5—1.5. % water
content.

Glass inclusions in olivines. The MgO con-
tent of the inclusions in the olivine micro-
phenocrysts is lower (0.1—0.4 wt-%0) than in
the surrounding glass. This is caused by the
diffusion rate which is fast between the glass
inclusion and olivine at relative high tempe-
rature. This leads mainly to the CaO and
FeO enrichment in glass inclusions. There is
no evidence of significant MgO increase near
the crystal-inclusion interface. This is not in
good agreement with the study of Anderson
and Wright (1972).

In larger olivine macrophenocrysts similar
CaO and FeO enrichment in glass inclusion
can be obtained but in
amounts. This increase is very marked for
TiO, as would be expected with the frac-

ever-increasing

tional crystallization.

However, in highly olivine normative (pri-
mitive) tholeiites there is no significant dif-
ference in chemistry between 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 might be
due to high temperature and fast diffusion
rate between the glass and crystal.

Glass inclusions In the
small plagioclase phenocrysts similar chemi-
cal effect as described for olivine can be ob-
served. The CaO is lower (0.1—0.5 wt-%o) in
the glass inclusions than in the surrounding

in plagioclases.
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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 strong zoned phenocrysts the CaO
enrichment is not effective and also CaO de-
crease can take place.

In large unzoned plagioclase phenocrysts
the inclusion chemistry is very different from
the surrounding glass chemistry. These latter
ones may be xenoliths. (In the macropheno-
crysts the window-like growth in the in-
clusions is the most widespread type (Fig.
15).)

Discussion-conclusions

All glasses and coexisting minerals are
very homogenous within individual samples.
Thin depletion zones, however, are found
around phenocrysts. The glass surrounding
olivines is depleted in Mg and Fe and is en-
riched in Ca and Al in a zone extending
about 15 um from the olivine-glass interface.
Plagioclase phenocrysts are in most cases sur-
rounded by a zone depleted in Ca and Al.

These observations suggest that pheno-
crysts crystallized largely in situ.

The system Ab-An-Fo-Di

In the crystallization study of basalts the
system Ab-An-Fo-Di (Fig. 16) is used as a
simple model for the understanding of crys-
tallization processes. This tetrahedron in-
cludes the primary phases of basalts, namely
olivine, plagioclase and clinopyroxene. The
main limitation of this system is that it is
calculated only in terms of Na,O, CaO, MgO,
Al;Oy and SiO,. Such important components
as FeO, Fe,O; and TiO, are absent. However,
it is clear that such components as Fe,O; and
TiO, have not very important effect to the
main crystallization because they form prin-
cipally accessory minerals, mainly ilmenite
and magnetite. But FeO enters the pyro-
xenes and olivines lowering their liquidus
temperature.

However, this system provides a convenient
model for discussing the crystallization pro-
cesses of basalts. The tetrahedron surface
consists of four different three-component
systems of which the two most important are
briefly discussed.

The sub-system An-Di-Fo

This system (Fig. 17a) is of primary im-
portance because it includes all major phases
of tholeiites. The system was studied by
Osborn and Tait (1952) who found that the
system has two piercing points and a spinel
field where spinel crystallizes as the primary
phase.

The join Fo-Di is binary and according to
Schairer and Yoder (1961, 1962) the eutectic
point moves slightly toward the diopside
corner with increasing water pressure (falling
temperature). All other joins are discussed in
the light of Ab-An-Di system.
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CaAl,Si0q

CaMgsi,0f

20 30
Mg,SiO,

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 reaction of spinel with the liquid at
relatively high temperature to form anorthite
and forsterite plays an important role during
the early stage of crystallization. According
to Kushirn (1972) increasing pressure in the
system Ol-Pl-Qz affects the field of spinel
and Ca-poor pyroxene expanding them rela-
tive to those of anorthite and forsterite. He
also found the same effect in the five-com-
ponent system Na, Ca, Mg, Al and Si. How-
ever, all these experiments were carried out
under dry conditions and therefore the role
of the volatile components on the spinel
crystallization is uncertain. It appears most
likely that the spinel field expands with in-
creasing water pressure.

The present data was calculated in the
terms of NayO, CaO, MgO, Al,O; and SiO, in
the system Ab-An-Di-Fo. The An-Di-Fo dia-
gram (Fig. 17b) shows the variation between
individual samples. As seen from the figure
the analyses apparently group around three

distinct parallel curves (A, B and C). As all
the samples appear to have plagioclase and
olivine cotectic, one explanation to the shift
from the curve A to curve C is variable water
pressure. It appears, specially from Yoder’s
(1965) experiments, that rising water pressure
expands olivine, spinel and clinopyroxene
fields relative to the plagioclase field moving
the cotectic curve toward the plagioclase
corner.

The sub-system Ab-An-Di

This haplobasaltic system (Bowen 1915) is
frequently used to show the crystallization
processes of basaltic magmas. Although the
system has one boundary curve it is not as
simple as previously considered.

Osborn (1942) and Hyténen and Schairer
(1961) found that the join Di-An is not binary
because of solid solution in diopside. Schairer
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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 that the join Ab-
Di is not binary because of solid solution in
plagioclase and that the piercing point be-
tween diopside and Ab-rich plagioclase is
located at DijyAbg, having about 7 °o more
diopside than estimated previously by Bowen
(1915). The boundary curve at 1 atm (Fig. 18)
is drawn on the basis of more recent sug-
gestions by Kushiro (1973).

The results on the basis of the basaltic
Ab-An-Di-Fo tetrahedron suggest that these
basalts on the present crystallization level
would only fractionate olivine and plagio-
clase, but not clinopyroxene. However, clino-
pyroxene seems also to occur as phenocryst
in some of these basalts. Some of these clino-
pyroxenes are autholiths formed at greater
depths, because the clinopyroxene stability
field expands at higher pressures.

However, the most successful result is that

the different diagrams in this system show
very clearly variation in water pressure con-
ditions between individual samples. These
results are in surprisingly good agreement
with the estimations of original water con-
tents on the basis of glass inclusion chemistry.
Those basalts which have the highest as-
sumed water pressure also have the highest
water content. This does not necessarily
mean that the total pressure should be dif-
ferent.

On the basis of this limited data it is of
interest to note that these ’high water pres-
sure’ samples can be regionally related.
Grimsvotn, Kerlingarfjoll and Thorisjokull
massif (only the lowermost stratigraphical
part) represent the highest assumed water
pressure areas in Central Iceland (Localities
refer to the sample numbers 22, 24 and 96,
respectively, in Fig. 5).
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C

The system CMAS

The results derived from the system Ab-
An-Di-Fo especially on the basis of different
water pressures can also be caused by differ-
ent iron and titanium contents in individual
samples. For this reason the calculations
were also made on the basis of more relevant
CMAS-system (Fig. 19).

This system was introduced by O’Hara
(1968) and several projections in this system
are discussed in detail by O’'Hara (1970, 1976).
The calculations in this system are on the
basis of all major elements:

C = (mol.prop. CaO — 31/3P,05 + 2Na,O +
2K,0) X 56.08

M = (mol.prop. FeO + MnO + NiO + MgO —
TiO,) X 40.31

A = (mol.prop. Al,O3 + Cry,03 + Fe,O5 +
Na,O + K,0 + TiOy) X 101.96

S = (mol.prop. SiO; — 2Na,O — 2K,0) X
60.09

This system provides various possibilities
using different sub-projections. The objective
of the mode of the projection used here is to
present the results in a form directly com-
parable with weight per cent plots and pro-
jections of the known phase equilibrium in
the system CaO — Al,O3 — MgO — SiO,.

It is meaningful to choose such sub-projec-
tion in this system which include all the
major crystal phases of tholeiitic basalts.
Sub-projection OL-OPX-CPX-PL (Fig. 20)
includes all these phases. The cotectic sur-
faces in this tetrahedron are drawn on the
basis of 30 experiments by S. Steinthorsson
(unpubl. data) and 8 experiments of the
author using different types of Icelandic
basalts. All experiments were carried out in
dry conditions at 1 atm pressure.

Because the cotectic surfaces by chance
are in difficult positions in the tetrahedron
space, the plotting from each corner on dif-
ferent three component diagrams leads to
large scatter. To minimize this effect the
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Fig. 19. The system CMAS (explanations see text).

The tholeiitic basalt sub-projection plagioclase

(PL) — olivine (OL) — orthopyroxene (OPX) —
clinopyroxene (CPX) is shown.

oL

OPX CPX

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.

plotting from point PO on the plane OL-PL-
CPX is chosen (Fig. 21). This point is chosen
because all the samples which have PL, OL
and CPX cotectic plot on the same point on



104 Heikki Makipaa

Olivine

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

Clinopyroxene wt - %

the plane OL-PL-CPX, and from this point
all the analyses of this kind basalts can be
plotted on this diagram.

All the samples are distinguishable in a
similar way as in the system Ab-An-Di-Fo.
According to O’Hara’s (1968) water pressure
experiments on the basis of A-CS-CM dia-
gram the curves A, B and C in Figs. 17b and
21 can represent approximately O, 1 and 2
kb water pressures, respectively.

The experiments performed in this study
plot exactly on the 0 kb curve.

Trace elements

If the chemical wvariation among the
samples from each single area can be ex-
pressed in terms of fractional crystallization
it is of interest to plot each trace element
against an index of the degree of fractional
crystallization, the FeOYMgO ratio. In-
creasing values of the ratio FeO%MgO indi-
cate more fractionated samples (Fig. 22).

Prugioclase data. Other lines see text.

The positive correlations between the frac-
tionation index and Ti, Mn, Cu and Zn as
well as the negative correlations between
this ratio and Ni, Co and Cr indicate frac-
tional crystallization involving olivine, pla-
gioclase and perhaps pyroxene. The breaks
in Ni, Co and Cr trends indicate beginning of
plagioclase crystallization. The vanadium
contents show significantly low wvalues in
some samples indicating mainly strong pyro-
xene crystallization.

If fractional crystallization of olivine,
plagioclase, spinel and clinopyroxene is the
cause it would be expected that Cr and Ni
are extracted from residual liquid. There-
fore it is meaningful to compare those ele-
ments with an element which shows strong
positive correlation on increase with dif-
ferentiation.

On the basis of Ti-Ni-Cr triangle (Fig. 23)
the samples studied form very strong dif-
ferentiation trend within each geographical
group. This trend also has fairly good cor-
relation with MgO.
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The transition metals studied are normali-
zed to C1 carbonaceous chondrite as it shows
their geochemical behaviour (Fig. 24). Some
features emerge from this figure:

— The transition metal distribution in ba-
salts studied follows remarkably well the
chondrite normalized field of the ocean
floor basalts.

— Cu and Zn trends do not follow the trend
of the other transition metals, because
they behave as incompatible element dur-
ing the early fractionation stages.

— Zn values are lower than on the basalt
field.

— Co values are slightly higher than on the
basalt field probably indicating special
feature of Icelandic basalts.

MgO variation diagram

MgO variation diagrams (Fig. 25) show the
relationships between the different oxides in
the rocks studied. The whole rock analyses
are plotted with different symbols from the
glass analyses to show the effect of crystalli-
zation. Two intermediate rocks from the
Kerlingarfjoll area are also plotted to em-
phasize the trends.

The CaO plot shows a break approximately
at 9 % MgO. Before that break olivine is the
only phase to crystallize and leads to the CaO
enrichment. TiO, and FeO enriched approxi-
mately down to 4 ° MgO and break down
very rapid mainly because of the Fe-Ti oxides
crystallization. The scatter in the Fe-Mg
plotting results mainly from different
amounts of olivine crystallization. K,O in-
creases almost exponentially with decreasing
of MgO. This is what would be expected
when the main crystallizing phases are oli-
vine and plagioclase.
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Fig. 22. Trace element variation against degree
of fractional crystallization, FeOt/MgO.

Model calculations

The model calculations are done on the
basis of the end members of separated
spatial groups. These trends are shown in
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Fig. 23. Plot of the trace ele-
ment analyses (Table 1) on the
Ti-Ni-Cr triangle. The MgO
variation in whole rocks is
schematically shown.

Fig. 24. Chondrite-normalized
transition metal distributions
in studied basalts. Q — quartz
normative tholeiitess. O —
olivine normative tholeiites.
The basalt field (shaded area)
includes basalts from 45°N on
the Mid-Atlantic Ridge (Muir
et al. 1964), some Icelandic
basalts (Sigvaldason 1974),
basalts from Atlantic Ocean
floor (Frey et al. 1974) and
basalts from FAMOUS area
(Langmuir et al. 1977).



Fig. 7.
peninsula trends are discussed in some de-
tails below.

The fractioned olivine and plagioclase
compositions are assumed to be intermediate
between that expected
magma and in the residual liquid. The Thei-
stareykir trend shows
against the index of the degree of fractional
crystallization, FeOY/MgO 1.67—1.21, and the
end members can be balanced with about 5.4
%/ olivine, Fog and 13 % plagioclase, Angy
fractionation. However, assuming that the

The Theistareykir and Reykjanes

fractionated minerals are more mantle-like
olivine Foy, (O’Hara et al. 1975) and plagio-
clase more An rich, Ang;, the corresponding
balance fractionation values are 4 %o and 10
%/o respectively.

The Reykjanes peninsula trend
large scatter in Fig. 7, but the end members
(RE-19, RE-17) can be balanced only with
7.5 %0 olivine, Fog,, fractionation.

Summary

1. The chemistry of twenty-two subglacial
basalts from eastern and western vol-
canic zones of Iceland follow clearly the
geopraphical deviation pattern of post-
glacial rocks.

2. The minerals found as phenocrysts are
olivine, plagioclase,
spinel.

3. In general all the microphenocrysts ap-
pear to be in equilibrium with the co-
existing magma.
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4. The glass inclusions in olivine and pla-
gioclase crystals with similar chemistry
to whole rock composition indicate that
phenocrysts are formed in similar magma
as they are now found.

5. The morphology and size of the crystals
show that the main crystallization took

Fig. 25. The variation of K20, CaO, TiO2 and
Fe203t as a function of MgO (wt. %0). Filled symbols
indicate whole rock analyses (Table 1) and open
symbols glass analyses (Table 2). Symbols: ¢ —
Hestfjall (No. 30 in Fig. 5). @ — Reykjanes
peninsula (No. 5 in Fig. 5). @ — Grimsvotn (No. 22
in Fig. 5). A — Kerlingarfjoll (No. 24 in Fig. 5).
% — Theistareykir area (No. 3 in Fig. 5). Q —
Thorisjokull area (No. 96 in Fig. 5).
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place at least in two events. The first
crystallization began after the magma
was injected into a magma chamber or
chambers within Icelandic crust pro-
ducing the large macrophenocrysts. The
P-T conditions were almost constant and
the cooling rate of the magma is ex-
pected to have been very slow. The se-
cond crystallization took place just be-
fore the eruption and the smallest micro-
phenocrysts formed at an early stage
during ascent. The cooling rate of the
magma is assumed to be order about 20—
40 °C/h (Grove and Walker 1977).

6. The strong zoning in large olivine and
plagioclase crystals is concluded to be
cause of effective magma convection in
the magmatic chambers.

7. The major and trace element data sug-
gest that the magma variation in the
same area is caused by strong fractional
crystallization.

8. The transition metal patterns in the
basalts studied follow very closely the
chondrite normalized plot of other ocean
floor basalts indicating that the basalts
studied cannot be produced from a chon-
dritic source regions.

9. The model calculations demonstrate that
basalts from the same area can be gene-
tically evolved from each other in terms
of fractional crystallization. The chemi-

cal difference between the extreme end
members of each spatial group need only
5 olivine (Fog) and 13 % plagioclase
(Angzg) fractionation to be balanced.

10. The studies in the different basaltic
systems show variation between indi-
vidual samples on the basis of different
pressure conditions. The water pressure
derived is concluded to vary regionally.

11. The water content estimations of differ-
ent original magma types and the pres-
sure trends observed agree well with the
fact that the solubility of water in
magmas increases with increasing pres-
sure.

12. According to the experiments of Yoder
and Tilley (1962) and O’Hara (1968) in
different basaltic systems, it appears that
Py, = PHy0, and the total pressure of the
main crystallization does not exceed 2 kb
(6—7 km).
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a fracture zone (Einarsson 1965). Two
different pillow layers can be distin-
guished in the mountain separated
by a thin tuff layer. The hand speci-
men is very fine grained and dark
brown in colour. The bedding also is
very clear. The only mineral visible
is yellow-greenish olivine.
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RE-11

RE-16
RE-17

RE-19
RE-20
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Specimen is taken from the Svei-
fluhals mountain. This hyaloclastite
complex is mostly produced by
subaquatic fissure eruptions and the
distinguish between each structural
phase is very clear. The hand speci-
men is fine grained and brown in
colour. Olivine and plagioclase crys-
tals are visible.

Stakihnukur hill is a part of the
Hellisheidi complex and according to
Einarsson (1960) it is formed mainly
from dolerite intrusions, which are
partly covered by some holocene
lava. The tuff in NW-side is fine
grained and dark brown in colour.
Small plagioclase and olivine crys-
tals are visible in hand specimen.

The hill Sandfell south from Litli
Meitill, Hellisheidi, is formed of fine
grained slightly palagnitized hyalo-
clastite tuff. Its relative height is
only 80 m. RE-16 is from the SE-
part of the hill and RE-17 from W-
part. Both of the samples are taken
approximately 20 m above the
basement. The hand specimen is
yellowish-brown in colour and large
white plagioclase and yellowish
olivine crystals can be seen.

Vifilsfell is a part of the large
Blafjoll mountains chain which is
partly covered by holocene rocks.
RF-19 is taken near the basement
and RE-20 from about 100 m higher
level. The hyaloclastites look very
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fresh and they are dark brown in
colour. Green olivine is the most
abundant mineral and only few
plagioclase crystals can be seen.

Theistareykir area

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

The specimens from the Theistarey-
kir area represent different ridges or
different tablemountains. They differ
from each other both in mineralogy
and in colour. The colour varies
between brown and black. The
minerals visible in the hand speci-
men are plagioclase or olivine or
both of them. The rocks were col-
lected by Dr. K. Groénvold.

Thorisjokull massif

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

The hole massif (9x7 km) is covered
by ice. The relative height of the
mountain on the top of the ice is 750
m. Samples were collected from the
bottom of the hill within about 50 m
intervals. The specimens taken from
the same altitude from different part
of the hill differ from each other
sofar by colour as minerals. The
colour ranges from light brown to
black and also the grain size varies
between individual samples. All
specimens contain either white pla-
gioclase or green olivine or both of
them.
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Kerlingarfjoll area

KE-24

Specimen was taken in the middle of
the Kerlingarfjoll volecanic complex
described by Gronvold (1972). The
hand specimen is brown in colour
and no minerals are visible. Sample
was collected by Dr. K. Grénvold.

Hestfjall volcano

HE-30
HE-32
HE-35

The mountain is a large remnant of
the interglacial volcano. It has been
active also in glacial times and the
northern part of the hill is formed
of fine grained brown hyaloclastite.
Specimens were collected within
about 50 m intervals, thus HE-30 is
from the top of the mountain and
HE-32 and HE-35 are from 100 m
and 250 m lower levels, respectively.
In all specimens there are only few
minerals visible or none at all.

Landmannalaugar area

LA-38

Specimen is taken from a small
unnamed hill south of the mountain
Stora Kyling. The hand specimen is
coarse grained and dark brown in
colour. Large plagioclase crystals are
visible. Further the specimen contains
some small xenoliths of gabbroic
composition. These xenoliths can be
explained as contamination from
near situated Torfajokull acid massif.

Grimsvotn area

GR-22
GR-23

Grimsvétn is an active volcanic
depression in the middle of the
Vatnajokull ice massif. The volcano
has been very active also in histori-
cal times erupting approximately
every 10th year. GR-22 and GR-23 are
taken from Svartibunki and Naggur
mountains, respectively. They are
black in colour and contain no visible
minerals. The rocks were collected
by Dr. K. Groénvold.
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