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THE 195960 ERUPTION OF KILAUEA VOLCANO, HAWAII

CHEMISTRY OF THE LAVAS OF THE 1959-60 ERUPTION OF KILAUEA VOLCANO, HAWAII

By K. J. Murata and D. H. RicHTER

ABSTRACT

During the 195960 eruption of Kilauea Volcano, the out-
pouring magma was sampled systematically to obtain detailed
information on chronological changes in composition. The tem-
poral variations in composition, when correlated with miner-
alogy, lava temperature, rate of discharge, and other param-
eters measured during the eruption, provide new insight into
the preeruptional erystallization of basaltic magma, entailing
intratelluric depositions of various phenocrysts and migration
of rest liquids.

The hottest and most mafic lavas were produced in the 1959
summit phase of the eruption. The compositional variation
(7 to 19 percent Mg0O) among most summit lavas is aseribable
solely to fractional erystallization of olivine (Fai), the first sili-
cate mineral to separate from the primitive magma. A direct
relationship between the olivine content of summit lavas and
the rate of lava discharge suggests that strong currents of mag-
ma erode beds of previously sedimented olivine crystals lying
on the bottom of the magma chamber. The coolest, olivine-poor
summit lavas contained some small phenocrysts of clinopyr-
oxene and plagioclase as well as olivine, The compositions of
these lavas indicated a slight overall accumulation of clino-
pyroxene, the second mineral to start separating from the cool-
ing magma.

The 1960 flank phase of the eruption involved two magmas of
different vintage, the cooler, early-1960 magma representing
old material that had not been expelled in the previous flank
eruption of 1955 and the hotter, late-1960 magma that had prob-
ably just migrated down from the summit region along con-
duits in the east rift zone. Compositional variations (6.1 to
6.6 percent MgO) among the early-1960 lavas indicated an
advanced magma that was fractionally crystallizing plagio-
clase (Angms), clinopyroxene (EngsFsi:Wow.o), and olivine
(Faws.:s) in the weight ratio of 11.0:10.0:2.3. This magma had
cooled sufficiently to crystallize plagioclase Ang.; in some abun-
dance. Its composition lay along the principal line of liquid
descent for this stage of basaltic differentation.

The late-1960 lavas (7 to 13 percent MgO) represented vari-
able amounts of total phenocrysts, consisting of olivine
(Fayi) and clinopyroxene (En..sFs::Wow.o) in a weight ratio
of 20.0:3.0, suspended in a rather uniform, moderately differ-
entiated melt. In accord with the very clear petrographie
evidence, lava compositions of the intermediate period of the
1960 eruption indicated a mixing of the early- and late-1960
magmas.

Thus, the 1959 summit, the late-1960 flank, and the early-1960
flank magmas clearly showed trends of differentiation resulting

from the separation of various proportions of three major min-
erals—olivine, clinopyroxene, and plagioclase—at progressively
lower temperature.

No lavas representing the stage of chemical transition from
the 1959 summit magma to the 1960 flank magmas were
obtained. Presumably, the transition took place largely during
the subterranean migration of the magma away from the sum-
mit region. A plausible mechanism for the transition would be
the separation, in an olivine-depleted summit magma, of clino-
pyroxene (Enw.sFs.:Womws), plagioclase (Ane), olivine (Fas),
and magnetite in the weight ratio of 6.00:2.25:0.25:0.50.

The weighted-average composition of the lavas, expelled
during the first phase of the 1959 summit eruption, shows 13.9
percent magnesia. The most mafic glass obtained from one of
the hottest summit lavas contains 10.0 percent magnesia.
These compositions suggest that the primitive Kilauea magma
holds at least 10 percent magnesia, but whether it could be

‘even more mafic remains unknown.

INTRODUCTION

The composition and mineralogy of Hawailian lavas
have long been of interest to those concerned with dif-
ferentiation of basaltic magmas. Basaltic magmas
erupted by continental volcanoes are likely to be con-
taminated by sialic materials of the continental crust, so
that compositional changes due to magmatic differenti-
ation may be obscured by those due to assimilation. In
Hawaii, however, the possibility of such contamination
is slight, so the differentiation of basaltic magmas can
be studied there with greater confidence. :

Mauna Loa has remained inactive since its eruption in
1950. On the other hand, Kilauea, which was quiet be-
tween 1934 and 1952, entered a period of much activity
with a summit eruption in 1952; the attention of in-
vestigators of basaltic rocks is therefore currently cen-
tered on this volcano. The establishment of a well-
equipped analytical laboratory at the Observatory on
Kilauea in 1958 has greatly facilitated geochemical
studies of the recent eruptions.

Data gathered during the 195960 eruption of Kil-
auea have helped to clarify the general relationship be-
tween lavas erupted at the summit and those erupted on
the flank of the volcano. The 1959 summit lavas showed

Al
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limited differentiation from a primitive composition,
whereas the 1960 flank lavas represented more advanced
stages of differentiation. Primitive magma originates
in the mantle of the earth between 40 and 60 kilometers
below the summit (Eaton and Murata, 1960). It ac-
cumulates in a magma reservoir within the volcanic pile
only a few kilometers beneath the summit and may
either force its way up vertically to the summit or later-
ally into the rift zone to erupt eventually from the flank
of the mountain.

In breaking to the summit, the magma has to travel
only a few kilometers, whereas to erupt on the flank it
must migrate laterally as much as 40 km and probably
is stored in the rift zone for a variable period of time.
Because a crystallizing magma differentiates continu-
ously, summit lavas would probably tend to have a com-
position more primitive than that of flank lavas.

Kilauea lavas so far studied belong to the tholeiitic
type exclusively. The present work, therefore, deals
with differentiation of tholeiitic basalt magmas and is
not concerned with problems of alkalic basalt magmas,
such as those erupted by Hualalai and other older Ha-
‘waiian volcanoes.

From a study of the available analyses Powers (1955)
.concluded that all Kilauea lavas erupted during historic
time were derived from a single large batch of magma
that was generated in the mantle over a century ago, and
he called this magma the historic primitive magma of
Kilauea. The less-differentiated lavas of the 1959-60
eruption clearly indicate an affinity to this historic prim-
itive magma. It is to be noted that Powers’ hypothesis
precludes explaining variations in historic lavas by
means of appreciable variations in the fundamental
magma; all variants among historic lavas are to be
considered as differentiates of a single batch of magma
of uniform composition.
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PREVIOUS ANALYSES OF KILAUEA LAVAS AND
MINERALS

Chemical analyses of Kilauea lavas made prior to
1949 were compiled and summarized by Macdonald
(1949a). Since that time, further analyses have been
published by Macdonald (1949b, 1955), Macdonald and
Eaton (1955, 1957), Macdonald and Katsura (1961),
Muir and Tilley (1957, 1963), Kuno and others (1957),
Yoder and Tilley (1957), Tilley (1960a,b), and Tilley
and Scoon (1961). Most analyses are of random sam-
ples of historic and prehistoric lava flows. They have
served to define the limits of comipositional variation
of Kilauea magmas and to indicate the dominant role
of fractional crystallization in the differentiation of the
magmas.

Compositional variation among the majority of the
previously analyzed samples is rather limited and is
due primarily to the separation or accumulation of
olivine. The compositions of Javas that issued during
the 1955 flank eruption (Macdonald, -1955) are of
especial interest because they represent the highest de-
gree of differentiation observed for Kilauea prior to
1960, except for a segregation vein in a prehistoric flow
described by Kuno and others (1957). The differentia-
tion of these lavas and of the vein material involved
extensive separation of the other major basaltic miner-
als—clinopyroxene and plagioclase.

In contrast to the lavas, intrusive rocks of Kilauea
have been little investigated. A recent study by the au-
thors (Murata and Richter, 1961) of the gabbroic rocks
of Uwekahuna laccolith showed that the range of com-
position represented by the differentiated rocks of this
single intrusive was almost as great as that indicated
by all previously analyzed samples of lavas from the
volcano.

Macdonald (1955) sampled the several flows of lava
that were produced during the 1955 eruption and there-
by first obtained a series of samples of known chronol-
ogy for a single eruption of Kilauea. The eight sam-
ples showed a decrease in percentage of silica with time,
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a fact strongly suggesting that an extensively differen-
tiated body of magma had been expelled in an orderly
manner so that the most differentiated upper part
emerged first. Systematic sampling of the extruded
material was carried out throughout the 1959-60 erup-
tion, with special emphasis on collecting the quickly
chilled pumice of the fire fountains.

There are special advantages in studying fresh pum-
ice and lava collected near the vent during an eruption.
The time relationship among the samples is known un-
equivocally, exposure to weathering is at a minimum,
and petrochemical data can be correlated with tempera-
ture and other geophysical variables measured durmg
the eruption.

Relatively few analyses have been made of the pheno-
crystic minerals of Kilauea lavas. Analyses are avail-
. able of phenocrystic olivine from the 1840 flow (Aurous-
seau and Merwin, 1928), from the Uwekahuna lac-
colith (Murata and Richter, 1961), and from the 1959
lava pond of Kilauea Iki (Macdonald and Katsura,
1961). The content of total iron (calculated as FeO) in
the three olivines lies between 11.8 and 14.2 percent, cor-
responding to Fass.450. During the present study,
a partial analysis of the sparse olivine phenocrysts in
the Kii flow of the 1955 eruption extended the composi-
tional range to Fa,q s,

Phenocrysts and microphenocrysts of augites that
have been separated from Kilauea rocks and analyzed
are tabulated below:

Source Reference

Composition
Uwekahuna Engg.sFs107Wosp5. Muir and Tilley
gabbro. ) - (1957).
1840 picrite _______ Emo,oFBu,oWOw 0- Do.
1921 olivine Engg 4Fs8y0.s W04 3-. Muir and Tilley
basalt. (1963).
1955 basalt_ . .._. Eng oFs13.Wo40.0.. Present study.
1960 basalt....... Eng 6F812.sWo40.1-- Do.

The meager data suggest that the phenocrystic augites
of Kilauea are less variable in composition than pheno-
crystic olivines.

Orthopyroxene phenocrysts are so scarce and fine
grained in Kilauea basalts that only a sample from the
gabbro of Uwekahuna laccolith has been analyzed
(Muir and Tilley, 1957). Itscomposition is Ens JF'ss s
Woss. No analyses are available for plagioclase pheno-
crysts nor for opaque minerals occurring either as
phenocrysts or as groundmass precipitates. Fractional
crystallization is the dominant mechanism for differ-
entiation of Kilauea magmas, and the quantitative
treatment of this differentiation is seriously hindered by
the dearth of information on the composmon of pheno-
crystic minerals.

~lection was simple.

A3

METHODS OF SAMPLE COLLECTION AND CHEMICAL
ANALYSIS :

The eruption at the summit (in Kilauea Iki) wascon-
fined to a single vent after the first day, so sample col-
Although most of the material ex-
pelled from the vent poured out as a fluid lava flow
which accumulated in the crater of Kilauea Iki, a part
of it was blown to the southwest by prevailing winds
and fell as cinder and pumice. During the first few
days of the eruption, silica was determined on several
pairs of samples of contemporary pumice and lava, and
no significant difference was found. Consequently,
nearly all of the later samples consisted of pumice and
cinder collected twice daily by spreading a large piece
of canvas on the ground downwind from the vent.

The vent system that prevailed during the flank erup-
tion at Kapoho was more complex and variable than
that at the summit. One main vent predominated
throughout most of the eruption, but from time to time
one to five other vents were active. Pumice samples
were collected from the main vent whenever possible.
During the period February 5 to 12, a shift in wind
direction caused the pumice from the main vent to fall
mostly on the inaccessible field of fresh lava flows to the
east. Most samples of flow lava or spatter were ob-
tained from the westernmost vent, which, in contrast to
the main vent, rarely displayed a fountain but instead
quietly poured out flows of lava from time to time. As
at Kilauea Iki, no significant difference in percentage
of silica between contemporary pumice and lava was
found. The term “lava” will hereafter be used in a
broad sense to include flow lava, spatter material, pum-
ice, cinder, and ash.

Only silica was determined in the samples during the
eruption. The determinations were made gravimetri-
cally and involved carbonate fusion of the samples fol-
lowed by double dehydration with hydrochloric acid.
The complete analyses of samples, selected on the basis
of their silica content, were made subsequently in the
laboratories of the Geological Survey under the direc-
tion of L. C. Peck. Some additional samples were ana-
lyzed by the rapid-analysis group under the direction of
W. W. Brannock. The crystalline and glassy portions
of some of the samples were separated by H. A. Powers
and analyzed separately.

ANALYTICAL RESULTS

The results of chemical analyses are presented in ta-
bles 1, 2, 4, and 6. Table 1 contains the analyses of -
lavas from the 1959 summit eruption at Kilauea Iki;
table 2, analyses of lavas from the 1960 flank eruption
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at Kapoho. In both tables the samples are arranged in | ologically in figures 1 and 3 respectively. Concomitant
chronological order of eruption. The analyses of the | mineralogical changes are described in a separate chap-
1959 summit and 1960 flank lavas are also plotted chron- | ter on the petrography of the lavas.
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Ficure 1.—Chronological changes in lava composition
during the 1959 summit eruption in Kilauea Iki. Black
bars at the top of the figure indicate the time and duration
of the 17 phases that characterized this eruption. The
composition of the sample obtained during the brief

1954 summit eruption (Macdonald and Eaton, 1957) is
plotted on the left side. Numbers along the magnesia
curve are the S-series of sample numbers from table 1.
Solid lines connect samples of a given eruptive phase;
dashed lines, samples of successive phases. '
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TABLE 1.—Chemical analyses and norms of lavas of the 1959 Kilauea summit eruption

{Analyst: D. F. Powers, unless otherwise noted. Results given in percent; .. indicates constituent not determined or calculated]

S-1 S-2 S-3 sS4 8-5 8-7 S-8 S-9 S-10 S-11 S-12 S-13 S-14 8-15 S-16 s-17 S-18 | S-19 820 S-21 §-22 S-24 8-25
Chemical analyses
49.91 | 50.07 | 40.62 | 48.99 | 46.68 | 48.22 | 49.12 | 48.41 | 48.55| 47.98 | 49.56 | 40.42 | 49.45 | 46.82 | 46.7 47.7 48.0 47.34 | 47.74 | 46.74 | 47.02 | 46.99 49. 44
12.69 | 13.70 | 12.82 | 11.95 9.52 ) 11.56 | 12.42 | 11.62 | 12,09 | 11.39 | 13.33 | 13.22 | 13.30 9.82 | 10.0 11.1 1.5 10.47 | 10.98 9.70 9.86 [ 10.06 13.13
2.56 1.39 2,70 1.47 1.57 1.36 1.30 1.36 1.40 1.43 2.30 1.75 4,25 1.37 15 1.4 L5 1.69 1.40 1.36 1.24 1.80 2.34
8.86 | 10.00 8.82| 10.08| 10.30 | 10.31 | 10.17 | 10.29 | 10.44 | 10.26 9.23 9.72 7.52 | 10.53 | 10.4 10.5 10.3 10.08 | 10.35 | 10.44 | 10.53 | 10.04 9.27
8.08 7. 8.8 | 1L.501} 19.52 | 13.67 | 10.46 | 13.34 | 11.61 | 14.08 8.22 8.92 8.55 | 18.87 | 18.2 14.9 14.4 16.59 | 15.40 | 19.25 | 18.26 | 18.25 8.85
11,92 | 11.55 | 11.49 | 10.60 8.26 9.68 | 10.57 9.77 | 10.40 9.58 { 11.16 | 11.05 | 11.03 8.31 8.3 9.3 9.2 8.92 9.24 8.16 8.46 8.43 10.97
2.13 2,30 2,11 2.05 1.52 1.94 2.09 1,94 2.03 1.89 2.22 2.20 2.19 1.57 1.9 19 1.9 1.69 1.82 1.55. 1.61 1.61 2.18
55 .60 .50 .47 .35 .45 .54 .47 .48 .45 .55 .54 .53 36 .40 .46 .47 .41 .50 .41 .40 .38 .53
.09 .00 .08 .05 .00 .07 .08 .04 . .01 .06 .00 .00 .00 23 .00 .00 .00 .03 .00 .07
02 .02 02 .03 .01 .01 .01 .00 .02 .02 .01 .02 .00 .00 : .03 .03 .01 .04 .01 .01
2.62 2.75 2.55 2,42 .80 2.27 2.53 2.30 2.40 2.30 2.77 2.68 2.62 1.86 .9 2.15 2.16 1.92 2.03 1.96 2.67
.25 .28 .23 .18 .23 .25 23 . .23 .27 .26 26 .19 22 .21 .21 .19 .20 .20 .26
17 17 18 .18 17 18 .18 A7 .18 .17 .17 .18 17 17 .17 a7 .18 .18 .18 W17 .18
01 .00 .02 02 .02 .01 .01 . . . .01 .01 .00 .01 .00 .01
02 . .01 .02 01 01 .01 .02 .02 .01 .01 .02 .01 ©.02
.04 . .03 02 03 .04 .03 .02 .03 .02 .02 .02 .03
) U SR B - - .21 |. IO (ORI (RPN U [P USRI
100.13 | 100.12 | 100.06 | 100.09 | 99.93 | 100.01 | 99.99 | 100.00 | 100.11 | 99.83 | 99.91 | 100.06 | 99.93 [ 99.92 | 100 100 100 99.80 | 100.06 | 99.94 [ 99.91 | 99.93 99. 96
.02 .02 .01 .01 .01 .01 .02 .01 .01 .01 .01 .01 .01 A1) I SRR SO S .01 .01 .01 .01 01 01
100.11 | 100.10 | 100.05 | 100.08 | 99.92 | 100.00 | 99.97 | 99.99 | 100.10 | 99.82 | 99.90 | 100.05 | 99.92 | 99.91 | 100 100 100 99.79 | 100.05 | 99.93 | 99.90 | 99.92 99. 95
Norms

0.41 0.75| 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.65 . 00 0.00 0.00 0.00 0.00 0.06
3,54 2.95 2,78 2,07 2, 66 3.19 2.78 2.84 2.66 3.25 3.19 2.95 2,42 2.36 2.25 3.13
19.30 | 17.53 | 16.95 | 12.54 | 16.09 | 17.48 | 16.14 | 14.88 | 1591 | 18.51 | 17.86 15.20 | 13.03 | 13.35 | 13.54 18.17
25.37 | 24.20 | 22.22 | 18,29 | 21.67 | 23.02( 21.75| 23.68 | 21.31 | 2493 | 2500 20.42 | 18.34 | 18.64 | 19.14 24.62
12,48 | 12.92 | 11.98 894 | 10.31 | 1151 | 10.46 | 10.94( 10.25 | 11.91 | 11.68 9.97 8.69 9.16 8.89 11.67
6.96 8.28 7.60 6,26 6.74 7.12 6.81 6.86 6.78 7.85 7.10 6. 68 6. 05 6.30 6. 22 7.31
5.02 3.79 3.62 1,93 2.85 3.7 2.93 3.41 2.74 3.87 3.94 2.55 1.92 2.12 1.92 3.65
11.04 | 13.75| 12,21 | 10.68 | 11.69 | 12.67 | 12.14 | 14.20 | 11.38 | 13.12 | 13.57 10.44 | 10.11 | 10.86 | 11.59 14.72
7.96 6.29 5.82 3.20-( 4.94 6.61 5.22 7.07 4,60 6.92 7.52 3.98 3.21 3.65 3.68 7.36
.00 .00 .00 6.18 | 22.19 | 10.94 4.38 9.90 | 550 11.84 .00 1.07 14.87 | 22,271 19.83 | 19.36 .00
.00 .00 .00 3.24 7.53 5.10 2.51 4.74 3.02 5.28 .00 .66 6.25 7.79 7.35 6.59 .00
3.71 2.02 3.91 2,13 2.28 1,97 1.88 1.97 2,03 2.07 3.33 2,54 2.03 1.97 1.80 2.61 3.39
4.98 5.22 4,84 4.60 3.42 4.31 4.81 4,37 4,56 4.37 5.26 5.09 4,10 3.65 3.86 3.72 5.07
.59 .66 .62 .54 .43 .54 .59 .54 .57 .54 .64 .62 .50 .45 .47 .47 .62

8-1. Vent spatter from the most eastern early vent, Nov. 14, 1959.
S-2. Vent spatter from the most western early vent, Nov. 14, 1959,
S-3. Lava from main lava river, 2:00 p.m., Nov. 18, 1959.

S-4. Pumice, 3:00 p.m., Nov. 17, 1959. E. L. Munson, analyst.
S8-5. Pumice, 5:00 p.m., Nov. 18, 1959. .

S-7. Pumice, 7:00 a.m., Nov. 20, 1959.

S-8. Pumice, 7:10 a.m., Nov. 21, 1959.

8-9. Pumice, 7:00 p.m., Nov. 21, 1959.

8-10. Lava ﬂow, 2d erutPtlve phase, 4:50 a.m., Nov. 26, 1959.

8-11. Pumice, 2d eruptive phase, 4:00 p.m., Nov. 26, 1959,

8-12, Pumice, 3d eruptive phase, 6:15 p.m., Nov. 28, 1959.
S-13. Pumice, 3d eruptive phase, 9:00 p.m., Nov. 29, 1959.

8-14. Slab pahoehoe, 4th eruptive phase, 9:45 a.m., Dec. 4, 1959.
ce, 4th eruptive phase, 9:30 a.m., Dec. 5, 1959
8-16. Pumice, 5th eruptive ph

8-15. P

ase,

4:30 p.m., Dec. 6,

1959. Analysts,

rapid analysis group, under the supervision of W. W. Bran-

nock.
8-17. Pumice, 5th eruptive phase, 12:30 a.m., Dec. 7,1959. Analysts,
rapid analysis group, under the supervision of W. W. Bran-

nock.

S-18. Pumice, 7th eruptive phase, 8:10 p.m., Dec, 8, 1959. Analysts,
or the supervision of W. W, Bran-

rapid analysis group, und

nock.

S-19. Pumice, 8th eruptive phase, 6:00 a.m., Dec. 11, 1859,

S-20. Pond lava, 9th eruptive phase, Dec. 13, 1959,

8-21. Pumice, 10th eruptive phase, 2:00 p.m., Dec. 14, 1959.

S-22. Pumice, 15th eruptive phase, 2:456 p.m., Dec. 17, 1959,

8-24. Pumice, 16th eruptive phase, 6:15 a.m., Dec. 19, 1959.

S-25. Tl]])in p%mfgls%e, minor 17th eruptive phase, time uncertain,
ec. 20, 3
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TABLE 2.—Chemical analyses and norms of lavas of the 1960 Kilauea flank eruption

[Analyst, M. C. Lemon, unless otherwise noted. Results given in percent; ... indicates constituent not determined or calculated]
F-1 F-3 F-5 F-6 F-7 F-8 F-9 F-11 F-12 F-13 F-14 F-15 F-16 F-17 F-18 F-19 F-20
Chemical analyses
50.62 | 50.76 | 50.74 | 50.42 | 49.87 | 49.49 | 49.21 | 49.34 | 48.86| 40.19 | 48.4 48,97 | 48,77 | 40.31 | 48.91 49.13
13.76 | 13.70 | 13,57 ( 13.51 | 13.290 | 12.92| 12.34) 12.56 | 11.98 | 12.24 | 11.9 11.84 | 11.55 | 12.24 | 11.71 11.96
1.80 1.68 1.36 2.34 2.13 2,31 1. 66 1.78 1.58 2.02 1.7 2.83 1.40 1.31 1.35 1. 44
9,95 ) 10.40 | 10.63 9. 59 9. 59 9.41 | 10.00 9.91 | 10.06 9.63 | 10.5 893 | 10.21 | 10.24 | 10.33 10.13
6.43 6.09 6.16 6. 97 8.27 9.30 | 11.27; 10.68 [ 12,11 | 11.28 | 12.5 12,29 | 13.13 | 11.12 | 12.46 11.82
10.21 | 10,01 9.94 | 10.18 | 10.24 9.98 9. 04 9.80 9.561 9. 69 9.3 9.41 9.29 9.85 9. 46 9. 58
2.63 2.7 2.69 2.59 2.41 2.33 2.16 2,24 2.16 2.25 2.1 2.09 2.08 2.22 2.16 2.19
.65 .69 .67 .62 .60 .67 63 .54 .50 .52 .52 .60 .49 .51 .48 .50
.10 .04 .09 L1 .06 . .09 .10 .08 .08
.00 .03 .00 .00 .03 03 .02 .01 .01 .00
3.20 3.37 3.35 3.17 2.9 2.42 2.61 2.55 2.65
.35 .36 .37 .34 .33 .26 .28 .28 .27
.18 .18 .18 18 18 18 17 .18 18
.01 02 .01 01 02 01 .01 .01 00
.02 02 .02 02 02 01 .02 02 01
.04 04 .04 04 04 03 .03 03 04
99.95 | 100.10 | 99.82 | 100.09 | 99.99 99.94 | 100.03 | 100, 02 99.98
.02 . 0! . . .02 .0 .0 .0 .02
99,93 | 100,08 | 99.80 | 100.07 | 99.97 99.93 | 100.02 | 100.01 99. 96
Norms

2.49 2.66 2.46 2.42 . 71 0.00 0.00 0.00 0. 00 0.00 |ocoeeean 0.00 0.00 0.00 0.00 0.00
3.84 4,08 3.96 3,66 3. 64 3.37 3.13 3.19 2.95 3.07 fooeeeaee 2.95 2.89 3.01 2.84 2.95
21.98 | 22.63 | 22.48] 21.64| 20.00( 19.44 [ 18.00 | 18.66 | 17.92 | 18.95 17.20 | 17.40 | 18.51 | 18.00 18.45
23.97 | 23.39| 23.12| 23.56| 23.88( 23.26 | 22.65| 22.83 | 21.71 | 21.81 |.__.___. 21.66 | 20.84 | 22.07 | 20.98 21,37
10.11 9.91 9.85 | 10.24 | 10.26 | 10,03 9.93 9,92 9.74 | 10.15 [ooo_.- 9.68 9.77 | 10.37 | 10.01 10.10
5.59 5.27 5.15 6.01 6.24 6.38 6.33 6.28 6.31 6. 63 6. 68 6.38 6. 50 6.44 6.48
4,13 4,33 4,43 3.73 3.45 3.01 2.96 3.01 2.76 2.81 |- 2.22 2.72 3.22 2.90 2.95
10. 42 9.89 | 10.19| 11.34 | 14.35| 16.281 14.76 | 1524 | 14.24 | 14.59 |..__.____ 18.25 | 13.65| 13.73 | 13.47 13.99
7.70 8.14 8.77 7.04 | 7.93 7.68 6.90 7.2 6.24 6.19 |- 6. 07 5.82 6.81 6.07 6.35
.00 .00 .00 .00 .00 .50 4,88 3.37 6.73 4,81 1 ______. 3.98 8.87 5.22 7.78 6.28
.00 .00 .00 .00 .00 .26 2.51 1.78 3.256 2.25 |oceoooe 1.46 4.17 2.85 3.86 3.14
2,61 2.4 1.97 3.39 3.09 3.36 2.26 2. 58 2.29 2,93 4.10 2.03 1.90 1.96 2.09
6.08 6.40 6.36 6. 02 5.53 5.37 4,92 5.11 4.94 |70 0 4.84 4. 60 4,96 4.84 5.03
.83 85 .88 .81 .78 .73 .64 .66 .73 66 |ocoaee- .62 .62 .66 .66 .64

. Slab pahoehoe from an early west vent, 8:10 p.m., Jan. 13, 1960.
. Pumice from main vent, 7:00 p.m., Jan. 17, 1960.

. Pumice, 7:00 a.m., Jan. 21, 1960. E. L. Munson, analyst.

. Pahoehoe ooze from west side of cone, 7:30 a.m., Jan. 21, 1960,
F-7. Pumice, 7:00 p.m., Jan. 26, 1960. X

. Pahoehoe flow from west side of cone, 10:156 a.m., Jan. 29, 1960.
-9. Pumice, 11:00 p.m., Jan. 30, 1960.

¥-11. Pumice, 5:00 a.m., Feb. 1,1960. D. F. Powers, analyst.
F-12. Pumice, 8:00 8.m., Feb, 2, 1960. D. F. Powers, analyst.
F-13. Pumice, 11:30 a.m., Feb. 4, 1960.

THE 1959 SUMMIT LAVAS

The changes in lava composition throughout the 1959
summit eruption are shown in figure 1. The black hori-
zontal bars at the top of the figure indicate the time and
duration of the 17 separate phases that characterized
this eruption. The weeklong first phase produced about
30 million cubic meters of lava, nearly all of which (ex-
cluding the pyroclastics) ponded in Kilavea Iki pit
crater. Each of the later eruptive phases involved the
expulsion of 2 to 10 million cubic meters of additional
lava, most of which drained back into the vent at the
end of the phase. The last. (17th) phase is not strictly
comparable to the others because it produced a very
small flow, only a few hundred cubic meters of lava.

The complete range of compositional variation shown
by these summit lavas was spanned by materials erupted
during the weeklong first phase. The composition of
the single sample from the brief 1954 eruption at the
summit (Macdonald and Eaton, 1957) is plotted on the

F-14. Asa flow to north, Feb. 4, 1960.

F-15. Spatter from west vent, 11:00 a.m., Feb. 7, 1960.
group, under the supervision of W. W. Brannock.

F-16. Pahoehoe, last flow east from meain vent, 8:20 a.m., Feb. 12, 1960. E.
L. Munson, analyst.

F-17. Pumice, 7:00 p.m., Feb. 13, 1960,

F-18. Pumice, 8:30 p.m., Feb. 16, 1960.

F-19. Pumice, 4:30 p.m., Feb. 18, 1960.

F-20. Pahoehoe, last flow from west side of cone, Feb. 18, 1960.

Analysts, rapid analysis

left side of figure 1 and is very similar to that of the
early lavas of 1959.

The first materials erupted in 1959, represented by
vent spatter of the most eastern and western of the ini-
tial vents, were richest in silica (avg. 50.0 percent).
During the first 3 days there was a gradual decrease
in silica from 50.0 to 49.0 percent. Then silica concen-
tration fell rapidly to a minimum of 46.7 percent and
subsequently rose to intermediate percentages toward
the end of the first phase. All oxides varied directly
with silica except magnesia and total iron oxides, which
varied inversely not only during the first phase but
throughout the 16 later phases. Silica was determined
on many more samples than were analyzed completely ;
it therefore indicates the compositional variations in
greater detail, particularly during the later phases.

As discussed in pages Al11-A14, the compositional
variations shown in figure 1 are almost entirely due to
variations in the amount of phenocrystic olivine present
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in the lavas. Olivine is the first silicate mineral to crys-
tallize out of the primitive magma, and because it is
heavy relative to the magma, it tends to sink. Therefore,
a crystallizing body of primitive magma should be poor
in olivine in its upper part and enriched in the mineral
in a lower part. The fact that silica-rich, olivine-poor
lavas appeared first suggests that the body of magma
was erupted, at least during the early part of the first
phase, in an orderly manner—that is, its uppermost part
was expelled first.

The temperature of the lavas ranged from 1060° to
1190°C (Ault and others, 1961), and, as discussed in the
chapter on petrography (Richter and Murata, 1966),
varied directly with the concentration of olivine.

SETTLING OF OLIVINE

The settling of olivine phenocrysts to form picritic
magmas in Hawaii has been well established by pre-
vious investigators, and the process has been quantified
chemically in the concept of olivine control of magma
compositions (Powers, 1955). Several kinds of obser-
vations made prior to and during the 1959 summit erup-
tion throw additional light on the settling process. The
question of the distance that olivines settle in the magma
and the time required may be considered first.

Lavas of the first part of eruptive phase 1 (Nov. 14 to
18) and those of phase 4 (Dec 4 and 5) were character-
ized by a steady increase in temperature and in olivine
content with time. A maximum temperature of about
1190°C was observed during both phases when the most
picritic lava (19 percent MgO) was being erupted.
These data suggest that the most picritic material orig-
inated at or near the bottom of the magma reservoir.

During the first part of phase 1 and during phase 4,
8 and 11 million cubic meters of lava, respectively, were
produced—an average of about 10 million cubic meters
per period. This volume represented only a small part
of the total volume of magma in the reservoir, and for
our purpose the lava will be considered tentatively -to
have constituted a vertical sample, cubic in shape, of the
reservoir magma. The height of the hypothetical cube
is made equal to the thickness of the reservoir magma in
order to obtain an order of magnitude of the distance
that olivine phenocrysts must settle to reach the bottom
if they separated in the uppermost part of the reser-
voir magma. Under these assumptions, the effective
thickness of the reservoir magma is calculated to be
about 200 meters.

In calculating the settling rate of olivine phenocrysts,
the most uncertain quantity is the viscosity of the ba-
saltic liquid, which is strongly temperature dependent.
Hess (1960) reviewed the existing data on viscosity of
basaltic liquids at temperatures of about 1100° to
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1125°C and concluded that the most probable value is
3X10°2 poises. Two separate determinations of viscos-
ity based on the flow of Hawailian lavas are of this order
of magnitude. Palmer (1927) obtained a result of
1.5X10°? poises from obeservations on the 1942 Alika
flow of Mauna Loa. During the 1955 Kilauea eruption,
Macdonald (1959) found the viscosity of different flows
to range from 2X10% to 2.6 X10¢ poises. The lowest
value of 2X 102 poises was obtained by him for a very
hot flow that was coursing through a lava tube near the
vent, and this value is adopted for our calculation.

Olivine crystals (diam, 3 mm; density, 3.4) would
sink about 50 centimeters per day in a melt with a
density of 2.77 and a viscosity of 2X10® poises. Thus,
about 400 days would be required for such olivines to
sink through 200 meters of magma. Tilt measurements
in the summit region of Kilauea indicated that the
magma reservoir began to fill as early as a year before
the 1959 summit eruption (Eaton, 1962; Eaton and
Murata, 1960) although a major part of the total charge
accumulated during a 2-month period just prior to the
eruption. Only olivines from the early increments of
magma would have had time to settle through the as-
sumed depth of 200 m to the floor of the magma
reservoir.

In addition to simple sedimentation of olivine phen-
ocrysts, the process of two-phase (phenocrysts plus
melt) convection very likely operated in the accumulat-
ing magma (Grout, 1918; Hess, 1960). The motive
force for this process is the slightly greater “aggregate
density” of a magma that is crystallizing olivine or other
heavy minerals compared to the density of the original
melt. The density contrast may be as low as 0.006 g
per cc (grams per cubic centimeter), but if the crystal-
lizing magma can move in units a few meters in diame-
ter, a rapid convective motion becomes possible. Thus,
a two-phase mass, 1 m in diameter and containing only
1 percent of olivine phenocrysts, could sink over 100 m
a day and thereby deliver olivines to the bottom of a
magma column even many kilometers high in the
time available. Such great speed eliminates the pre-
viously imposed limitation of a cubic shape to the 10
million cubic meters of differentiated magma under
consideration.

A dense, difficultly mobile sludge of olivine is thought
to form at the bottom of the magma column through
sedimentation of most of the olivine phenocrysts out of
the masses that approach the bottom. The olivine-
depleted masses would then be displaced upward by new
olivine-bearing masses arriving from above, resulting
in a convective pattern that is maintained by density
differences in two-phase masses due to differences in
concentration of olivine phenocrysts.
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Grout (1918) noted that this two-phase convection
would operate only during the time crystals were form-
ing locally in the melt and settling through it. That
the 1959 Kilauea magma was actively crystallizing
olivine is clearly indicated by the fact that the compo-
sition of the glassy matrix of the lavas was not uniform
but rather was more magnesian (range 7.44 to 10.20
percent magnesia) when the temperature of the lavas
was higher.

A relationship exists between the rate of discharge
of the 1959 lavas and their content of olivine. In the
lower part of figure 2, discharge is plotted against the
magnesia (olivine) content of the lava being erupted at
any given time. The magnesia content of these lavas is
directly related to their olivine content by the previously
mentioned mechanism of olivine control of composition.
The plot shows that lavas rich in olivine were generally
erupted during times of high discharge.
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FIGURE 2.—Analogy between discharge and magnesia (olivine)
content of the 1959 summit lavas and discharge and sediment
content of a river. Data for Maumee River from U.S. Geo-
logical Survey (1960).

The olivine phenocrysts also tended on the average
to be bigger in the more picritic lavas, as indicated by
measurements on the following few samples:

THE 1959—60 ERUPTION OF KILAUEA VOLCANO, HAWAII

Modal olivine phenocrysts
MgO
Sample (percent) Diameter (mm)
Volume
(percent)
Maximum Average
S-14__________ 8. 55 4 2.0 1.8
- J 8.85 5 1.1 .6
9 ... 13.34 14 7.0 2.5
200 . 15.40 21 4.5 3.5

Thus the abundance and coarseness of olivine pheno-
crysts in the 1959 lavas were controlled to a significant
degree by the rate of lava discharge.
~ Very similar relationships have been established by
hydrologists between discharge of rivers and the amount
and coarseness of the suspended matter being trans-
ported by the rivers (Linsley and others, 1949). In the
upper part of figure 2, the discharge of the Maumee
River at Waterville, Ohio (U.S. Geol. Survey, 1960, p.
610), is plotted against its sediment load, and the result-
ant diagram has a form very similar to the comparable
one for the 1959 Kilauea lavas. In analogy to the veloc-
ity-dependent transportation or deposition of silt by
rivers, during periods of high discharge magma currents
with abnormally high velocities may scour beds of sedi-
mented olivines at the bottom of the magma reservoir to
yield picritic lavas. Fluctuations in the magnesia (oliv-
ine) content of the 1959 lavas, shown in figure 1, thus
may have been largely related to the waxing and waning
of such magma currents.

In summary, data from the 1959 eruption suggest that
the primitive magma starts crystallizing olivine in the
shallow reservoir beneath the summit and deposits the
olivine at the bottom of the reservoir primarily by the
mechanism of two-phase convection. During eruption,
upward-trending magma currents not only oppose the
general tendency for deposition of olivine but at times
of high discharge erode beds of previously deposited

olivine.
THE 1960 FLANK LAVAS

The chronological changes in composition of the lavas
that were produced during the flank eruptions of 1955
and 1960 are shown in figure 8. This figure shows the
great similarity between the early-1960 (January 13 to
21) lavas and the 1955 lavas. The 1955 lavas (Mac-
donald, 1955) are of a relatively highly differentiated
type that is scarce on Kilauea, so the similar material
of the succeeding flank eruption of early 1960 probably
is closely related. Such a conclusion would mean that
about 40 million cubic meters of magma failed to erupt
in 1955 and remained in storage for 5 years until ex-
pelled early in the next eruption.



CHEMISTRY OF THE LAVAS

52 "

51F AA—‘A\M Ao
M

50}
49[
48

14r
13f

12
11t

SiO2

Al, 03

e e
O = N W
I T T T 1

PERCENTAGE OF OXIDES
u_o N @ o

o~

13r

Total Fe as FeQ

12
11
10-
11

A
L AA.—-A/& - ‘ ‘ ca0

4 - " .
:{ M — m

Lo o b vl v e o b by v g be v byg g by o by
13 17 21 25 29 1 5 9 13 17

L_MARCH | APRIL | MAY ||| L JANUARY | FEBRUARY
1955 1960
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The petrography of the lavas also indicates the close
similarity between the early-1960 and the 1955 lavas.
In sharp contrast to the 1959 summit lavas, nearly all of
of which contained olivine as the sole phenocrystic min-
eral, the flank lavas under consideration had plagicolase
and clinopyroxene as the dominant phenocrysts, ac-
~ companied by minor olivine and traces of hypersthene.
The more mafic later lavas of 1960 (February 1 to 18)
resembled the 1959 summit lavas in having abundant
phenocrysts of olivine but differed in containing notable
amounts of phenocrystic clinopyroxene and plagioclase.
The petrography of the lavas of the middle period of
the 1960 eruption (January 26 to 31) clearly shows
them to be mixtures of the early and late magmas.

The first four samples of the 1960 eruption, plotted in
figure 3, show a minor trend of all the oxides that is
opposite to that manifested in the 1955 lavas. This
trend leads to a curious reversal in the variation dia-
grams that will be discussed in detail in a following
section.

The order in which the several minerals separate from
the primitive Kilauea magma has been established both
through petrographic studies of 1959-60 lavas of known
eruption temperatures (Richter and Murata, 1966) and
by laboratory quenching experiments on samples of two
other Kilauea lavas (Yoder and Tilley, 1957, 1962).
The order of the first appearance of the minerals in the
cooling primitive melt is as follows: chromian spinel
(minor amount typically embedded in olivine), olivine,
clinopyroxene, plagioclase, and hypersthene (minor).
All the silicate minerals separate from the melt through-
out a considerable range of temperature, the mafic min-
erals being more ferroan and the plagioclase generally
more sodic the lower the temperature of separation.

TRENDS OF DIFFERENTIATION

The composition of the 1959-60 Kilauea lavas are
shown in figure 4 in the form of a magnesia-variation
diagram, previously used by Powers (1955) for lavas
in Hawaii. The magnesia percentages decrease from
left to right along the abscissa, which thus corresponds
to the increasing percentage of silica in the conventional
silica-variation diagram. The curves for the various
oxides in the figure closely resemble those obtained
when the analyses are plotted on the silica-variation
diagram. The reasons for selecting magnesia as the
reference constituent for establishing the compositional
sequence of the samples are twofold :

1. Magnesia shows the greatest range of concentration
among major constituents, its highest concentra-
tion being 3.2 times its lowest. The highest silica
concentration, on the other hand, is only 1.1 times

its lowest. Because the precision of analytical de-.
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termination is about the same for both constituents,
the ordering of samples into a sequence will be far
more certain and precise if the greater ranging
magnesia is used rather than the silica.

2. The effects of the separation of different phenocrystic
minerals on magmatic composition may be seen
with unusual clarity in the 1959-60 lavas. In em-
phasizing this particular type of compositional
control, it is desirable to indicate explicity the com-
position of the phenocrystic minerals on one or
more variation diagrams. For this purpose, clino-
pyroxene and plagioclase should plot as widely
separated as possible. The silica (and calcium
oxide) content of these two minerals is similar,
whereas their content of magnesia is quite differ-
ent; thus, the desired separation is ensured on the
magnesia-variation diagram. Murata (1960) pro-
posed the use of an.alumina-silica-variation dia-
gram with the same objective of separating clino-
pyroxene-rich and plagioclase-rich compositions
on the diagram. Like the one based on silica, the
alumina-silica-variation diagram does not have the
precision of the magnesia-variation diagram for
these Kilauea magmas because of the more limited
variation of alumina and silica.

Before the trends of variations shown in figure 4 are
discussed, brief comments on certain of the constituents
are desirable. Potassium is a constituent that is least
likely to be removed from the liquid during fractional
crystallization, and it continuously accumulates to the
highest degree in the residual melt (Holmes, 1930).
Its trend of variation thus serves as a criterion for judg-
ing the behavior of the other constituents. Following
are tabulated the ratios of maximum to minimum per-
centages of several oxides whose concentrations gen- -
erally increased with decreasing magnesia in the several
glasses of 1950-60 lavas:

Ratio, mazimum
to minimum

Constituent percentages
K.O - - 1.50
P05 1.62
TiO, 1.43
Na.0 - 1.27

Ratios lower than that of X;O indicate a relative loss of
the constituent through separation of one or more min-
erals from the magma. The ratio of P,Oj is probably
the same as that of K,O within the error of determina-
tion. K,O, however, is not perfectly inert because very
small amounts of it are also precipitated as a compo-
nent, about 0.2 percent, of plagioclase and as a compo-
nent, about 0.03 percent, of clinopyroxene. Therefore,
its slightly lower ratio relative to that of P,O; in the
preceding tabulation may be real. TiO, content in
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clinopyroxene phenocrysts is known to be about 1 per-
cent and to be major in titaniferous magnetite, while
Na.O is a major constituent of plagioclase.

The wide scatter of points for FeO and Fe,O; ap-
pears to be largely due to erratic oxidation of FeO in
the hot lava by air. Following are tabulated all
samples from both the summit and flank eruptions that
contain more than 2.0 percent Fe,O,:

Sample MgO FesOs Material
(percent) | (percent)
S-1._._...___ 8. 08 2. 56 | Vent spatter.
E FU 8.85 2.70 | Flow in main ¢channel.
12...._. 8. 22 2.30 | Pumice.

14 . ___. 8. 55 4. 25 | Flow, slabby pahoehoe.
25 ... 8.85 2. 34 | Flow, thin pahoehoe.
F-1.__..___ 6. 56 2. 18 | Flow, slabby pahoehoe.

T 6. 97 2. 34 | Pumice.

2 S 8.27. 2.13 | Flow..

1 SR 9. 39 2. 31 | Pumice.

13- 11. 28 2.02 | Flow.

16_...-__ 12. 29 2. 83 | Flow, shelly pahoehoe.

There are twice as many flow samples represented in the
tabulation as pumice samples. Lava flows moving over
the surface of the land are more likely to be oxidized
than pumice fragments that are quickly chilled as they
are ejected from the vent. This general difference be-
tween flows and pumice is analogous to the difference in
oxidizability between aa and pahoehoe types of lava
(Washington, 1923). The 1955 lavas (Macdonald,

All

Manganese oxide, which was not included in figure
4, shows a poorly defined tendency to rise from 0.17
to 0.18 percent in the direction of decreasing magnesia
(or increasing total iron oxide). In the tholeiitic mag-
ma of Dillsburg, Pa. (Hotz, 1953), which had a much
greater range of composition than these Kilauea lavas,
a close direct relationship between manganese oxide and
total iron oxide is evident.

THE 1959 SUMMIT LAVAS

In figure 4, all constituents of the 1959 summit lavas
(except for ferric and ferrous oxides) generally lie
along well-defined straight lines, the olivine-control
lines of Powers (1955). According to Powers, these
olivine-control lines, the high-magnesia ends of which
terminate at the composition of the pertinent olivine,
“indicate the straight-line variation that would result
from changing the amount of olivine in any plotted
rock composition through which the lines are drawn.”
Two compositions, one at 19.00 and the other at 8.00
percent magnesia, have been read off the olivine-control
lines in figure 4 (and from table 1 for the unplotted
constituents) and are given in the following columns
A and B as an aid to those who may wish to reproduce
the lines. Composition A lies in the range of highly
picritic basalt, whereas composition B represents an
olivine-poor basalt.

.1955.) plotted in figure 4 were all samples of flows, rang- A | B | B:a | covrasa |pD=c—B|D:0.4163
ing in form from slab pahoehoe to aa, and three-fourths
of them contained more than 2.0 percent Fe,Os. E AR
Even within flows there is a striking difference in the 1.8z .95
oxidation of iron between the quickly chilled glassy 1301 1.3
selvage and the more slowly cooled crystalline interior, AR
as shown by the following examples: o gg i; gz%
Fes0s, in percent '[1); i: 000
Semple Flow interior Glassy selvag 02| 1 000
SO S 2.70 1. 82 03] 1.500 :

14 .- 4. 25 2.65 99,97 |eeeeee 141. 60 41.63 100. 00

25 e 2. 34 1. 94 N1 S PR N1 2 R PO

There is a suggestion in figure 4 that samples with 996 |---o-oo- 1LE8 | 4LG3] 10000

magnesia percentages smaller than about 12 (corre-
sponding to silica percentages greater than about 49)
are more likely to be oxidized. A check of the samples
with magnesia percentages greater than 12, however,
shows that they fortuitously consist of pumice or dense
pahoehoe—forms that are most difficult to oxidize. It
would therefore appear that the original magmatic
state of oxidation of both the summit and flank materi-
als is completely obscured by posteruption oxidation by
air. Total iron (calculated as FeO), however, varies
in a very regular manner, reflecting changes in magma
composition that took place prior to eruption.

NorE.—Differences between columns C and B less than 0,02 percent are within
the error of chemical determination and are not given.

Constituents that are not incorporated in olivine—
such as the oxides of sodium, potassium, titanium, and
phosphorous—should concentrate in the residual melt
during the period when olivine is separating from the
magma. These constituents are uniformly about 1.418
times (range 1.411 to 1.421) more concentrated in com-
position B than in A. For a quantitative test of the
hypothesis of olivine control, composition A may be

multiplied by this factor of 1.418 to obtain the product

in column C. Then, composition B is subtracted from
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FIGURE 4,—Magnesia variation diagram for the 1959 summit lavas (solid circles), the
1960 flank lavas (open circles), and the 1955 flank lavas (open triangles). The three
black squares denote glasses separated from the 1959 summit-lavas. The straight
lines defined by the constituents of the 1959 summit lavas denote compositional varia-
tions due solely to separation of phenocrystic olivine (Fais) from the primitive magma.
Other lines of variation defined by the constituents of the 1960 and 1955 flank lavas
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F1eURE 4.—Continued
represent compositional changes due to separation of olivine, augite, and plagioclase
from more differentiated magmas. The earliest 1955 lava contained the least amount
of magnesia (triangle to the extreme right), and the compositional trend throughout
the 1955 eruption was generally toward higher percentages of magnesia. The early-
1960 lavas (between samples F-1 and F-6) showed a reversal of the 1955 trend. The
irregular variations of Fe:0s and FeO, roughly averaged by the dashed lines, are due

to random oxidation of the lavas by air. Samples discussed in detail in the text are
numbered.
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the product to yield the composition in column D. The
last column gives the composition of column D scaled
up to 100 percent, and it is a good representation of
the composition of the major type of olivine in the 1959
summit lavas. In terms of finite quantities of lava, the
calculation indicates that if 142 g of lava A is compared
with 100 g of lava B, they are found to differ only be-
cause the former contains 42 g more of an olivine having
the composition (Fa.s) given in the last column.

The percentages of alumina and calcium oxide in the
last column are slightly high for olivine, but the cal-
culations do tend to magnify any error of analysis.
Partial analyses of three samples of olivines separated
from the 1959 lavas gave an average FeO percentage of
12.05-.04, somewhat lower than the 12.83 percent shown
in the last column. A few tenths of a percent of Fe,Os,
not revealed in the FeO determination, is probably pres-
ent in the olivine and would reduce the discrepancy. A
part of the alumnia and a small part of the ferrous ox-
ide are also probably assignable to the small amount of
a dark spinel commonly present in Kilauea olivines.
Aside from these minor uncertainties, the preceding cal-
culations amply demonstrate that the straight lines,
along which the compositions of most of the 1959 sum-
mit lavas lie, are indeed lines of olivine control of
composition.

Sample S-2 (table 1), one of the earliest products of
the eruption, is of special interest because it seems to
mark the low-magnesia terminus of the olivine-control
lines. Lavas of very similar composition have been
erupted repeatedly at the summit. Analyses of six sam-
ples with this common composition are compiled in
table 3; they constitute a remarkably uniform group.
The amount of olivine phenocrysts in this kind of lava
is always 1 percent or less, and small amounts of clino-
pyroxene and plagioclase microphenocrysts are com-
monly present. The composition apparently represents
the stage of differentiation at which the bulk of the
olivine had settled out of the rest magma but no effec-
tive movement of plagioclase or clinopyroxene crystals
had taken place.

Like sample S-2, low-magnesia samples S-1 and S-3
(table 1) were among the earliest and coolest lavas of
the eruption, but they differ from sample S-2 in that
their compositions definitely lie off the olivine-control
lines of figure 4 by showing an excess of CaO and a de-
ficiency of most of the other constituents. The direction
in which their compositions deviate from the olivine-
control lines indicates a moderate accumulation of
clinopyroxene phenocrysts relative to that of plagio-
clase. Samples S-1 and S-3 thus represent a differen-
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tiation stage slightly beyond that of sample S-2
because they point to a certain amount of gravitative
separation of the newly crystallized clinopyroxene and
plagioclase phenocrysts. These samples presage a type
of differentiation, especially well shown in the 1955 and
early-1960 lavas, in which composition is mainly con-
trolled by the separation of clinopyroxene and plagio-
clase phenocrysts.

TABLE 3.—Composition, in percent, of a type of lava commonly
found in summit eruptions of Kilauea

Norm of the average composition of En 7.10
column 7: ) Fs 4. 49

Q--- 1.20 Hy:
L6 S I, 3.34 En 11. 20
Ab 18.868 Fs. 7.26
An 25.85 Mt. 2.78
Di: ) 1 O 5.17
Wo 12.18 Ap : .67

1 2 3 4 5 6 7
50.20 | 50.04 | 50.01| 60.20 [ 50.07 §0.10
14.04 | 13.68 | 13.83 | 13.73 | 13.70 13.78
1.83 2.29 1.856 2.65 1.39 1.89
9. 50 9.06 9.59 8.80{ 10.00 9.46
7.03 7.61 7.10 7.20 7.23 7.34
11.40 | 11.38 | 11.20 | 11.56 | 11.55 11.48
2.25 2.4 2.26 2.25 2.30 2.25
.87 .87 .53 .57 .60 .57
.01 .00 .09 .00 .00 .02
.02 .02 .12 .00 .02 .03
2.74 2.76 2.7 2.72 2.75 2.71
.27 .27 .27 .28 .28 .27
.17 .17 .17 .17 .17 .17
.02 06 |ooceees .01 .00 .02
Cl... I (RO I .02 .02 .02
F_. [N OSSN AU AR PUb .05 .04 .04
Subtotal. 100.21 | 100.12 | 100.13
Less O.... - .02 .02 .02
Total..... ... 100.11 | 100.14 { 100.14 | 99.81 | 100.19 | 100.10 | 100.11
Total iron oxides (as

(10 JR 10.98 | 10.69 | 11.11| 11.25 | 1118 11.25 11.16

. Lava of 1917, splash from lava lake at Halemaumau. L. N. Tarrant, analyst
(Macdonalé and Eaton, 1955).

. Lava of 1919, near northeast edge of Kilauea caldera. L. N. Tarrant, analyst
(Macdonald and Eaton, 1955).

. Lava of 1921, near south edge of Kilauea caldera. L. N. Tarrant, analyst (Mac-
donald and Eaton, 1955).

3 P%mie?dejfggsg;l on Tune 27, 1952 at Halemaumau. L. M. Kehl, analyst (Mac-

onald, .

. Pahoehoe flow on caldera floor northeast of Halemaumau, erupted May 31, 1954.
Lois Trumbull, analyst (Macdonald and Eaton, 1957).

. Analysis of S-2 in table 1. :

. Average of analyses in cols. 1-6.

N Ov B W N e

According to the petrographic data, sample S-25
(table 1), from a minor outflow of lava that constituted
the final phase of the summit eruption, also contained
phenocrysts of pyroxene, plagioclase, and olivine; but
its composition, like that of sample S-2, lies on the
olivine-control lines. This relationship suggests that,
although the particular magma had cooled to the crys-
tallization temperatures of clinopyroxene and plagio-
clase, no removal or accumulation of the phenocrysts of
these minerals had yet taken place.

Thus, materials erupted in 1959, besides showing the
dominance of olivine control in the first stage of differ-
entiation of the primitive magma, also reveal in some
detail the very beginning of differentiation due to sepa-
ration of clinopyroxene and plagioclase.
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TABLE 4.—Chemical analyses, in percent, of basaltic glasses

|D. F. Powers, analyst. The glasses have numbers corresponding to those of the
lavas (listed in tables 1 and 2) from which they were separated]

Average
S-5g | S-7g | S-12g | F-3g | F-12g'| F-11g | F-19g ofF FI2llg,
-12g,
F-19g
Chemical analyses

40.08 | 49.42 | 49.85 | 50.69 | 50.44 | 50.45 | 50.46 50. 45

12.48 | 13.06 | 13.50 | 13.51 | 14.09 | 14.00 | 13.94 14.01

1.59 | 142 2.4 1.87 ) 162 1L74| 1.40 1. 58

10.05 | 10.06 | 9.09 [ 10.70 | 9.83( 9.63 | 9.81 9.76

10.20 | 9.15( 7.44| 574 6.58 | 6.72| 6.95 6.75

11.05 | 10.95 | 11,41 | 9.72 | 10.70 | 10.80 | 10.78 10.76

2.04 | 212| 2.27( 2.60| 2.50| 248 | 2.53 2. 60

.48 .53 .55 .72 .62 .59 .60 .60

.09 W11 .01 .08 .13 .08 .08 .08

.00 .01 .03 .00 .00 . .01 .01

2.48 | 2.59| 281 3.56| 3.02} 2.95| 2.95 2.97

.24 .26 .27 .39 .31 .30 .30 .31

18 W17 .18 .18 A7 17 17 17

01 .01 .00 .00 .00 01 01 .01

02 .02 .02 .02 .03 03 02 .02

.03 .03 .03 .04 .04 04 04 .04

100.02 | 99.91 | 99.87 | 99.82 {100.08 | 99.99 {100. 05 100. 02

Less O.ooooooee .01 .01 .0 .02 . 03 .02 .02
Total..._._. 100.01 | 99.90 | 99.86 | 99.80 (100.05 | 99.96 (100. 03 100. 00
Si0; (whole lava)_ _| 46.68 | 48.22 | 40.56 | 50.62 | 49.34 | 49.21 ) U
MgO (whole lava)__| 19.52 | 13.67 | 8.22 | 6.43 | 10.58' 11.27 | 12.46 (...
Refractive index._.| 1.613 | 1.610 | 1.607 | 1.604 | 1.604 | 1.604 | 1.602 1. 603

Norms

000 1.61] 3.8 1.92| 207 120 1.73

3.13| 3.25| 425 3.66 | 3.49 | 3.54 3. 56

17.66 | 19.05 | 21.84 | 20.92 | 20.63 | 21.13 20.89

24.70 | 25.10 | 23.15 | 25.51 | 25.51 | 25.05 25. 36

11.60 | 12.36 | 9.31 [ 10.58 | 10.81 | 10.96 10.78

6.04| 7.48| 48| 58| 610} 6.15 6. 04

4.06 | 420} 4.25| 4.31| 4.26| 4.37 4.31

13.27 | 11.04 | 9.46 | 10.52 | 10.63 | 11.15 10.77
777 619 831 | 7.73| 7.42| 7.93 7.69
1.81 .00 .00 .00 .00 .00 .00

1.16 .00 .00 .00 .00 .00 .00

2.06 | 3.49| 271 2.35| 2.52{ 2.03 2.30

4.92| 534 6.76| 574 560| 560 5. 65

.62 .64 .92 .73 7 .71 L72

. The composition of the glassy parts of three 1959

summit lavas (S-5g, ~7g, ~12g) is presented in table 4.
Such glassy parts of lavas represent magmatic liquid
that was quenched during eruption. The composition
of glasses S-7Tg and S-12g plots well on the lines of
olivine control defined by the whole lavas in figure 4;
these glasses therefore offer direct proof that these lines,
excepting the parts representing olivine accumulates,
constitute lines of descent of the residual melt. Glass
S-5g deviates somewhat from the olivine-control lines
and will be discussed further.

The magnesia content of the three summit glasses
varied directly with the olivine content of the whole
lavas; and, were it not for the fact that the glasses were
carefully separated from all crystalline materials, this
variation might be attributed to contamination of the
glasses by phenocrystic olivine. The magnesia content
also varied directly with the temperature of the lavas,
and the most mafic glass (S-5g) was from one of the
hottest lavas of the summit eruption (1190°C). It
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would appear that melts into which much olivine had
settled represented the lower and hotter parts of the
magma body, parts that had not yet crystallized much
olivine. Olivine-poor lavas, on the other hand, repre-
sented higher and cooler parts of the magma body which
had fractionally crystallized much olivine, so that the
melt was correspondingly poorer in magnesia. The
least mafic glass (S-12g in table 4) is close in composi-
tion to the previously mentioned type of lava (table 3)
that marks the low-magnesia end of the olivine-control
lines.

Glass S-5g, extracted from the most picritic lava of
the first eruptive phase, deviates slightly from the
olivine-contro] lines in the same sense as do lava samples
S-1 and S-3, discussed previously. The amount of the
deviation corresponds to about 1.5 percent enrichment
with respect to clinopyroxene. No clinopyroxene phe-
nocrysts were observed in lava S-5, as they were in S-1
and S-3, and the slight excess of clinopyroxene is local-
ized in the glass. :

In the magma column that was involved in the first
eruptive phase, the settling olivines were apparently ac-
companied by some clinopyroxene phenocrysts that did
not survive the high temperatures prevailing at the
bottom of the column and that melted completely. In
a susequent section dealing with the late lavas of the
1960 flank eruption, examples will be given of cooler
picritic magmas that contained substantial amounts of
clinopyroxene phenocrysts along with the olivine.

THE 1960 FLANK LAVAS

The trends of compositional variation manifested in
the 1960 flank lavas (fig. 4) are more complicated than
those of the 1959 summit lavas and reflect the more ad-
vanced and complex preeruptional history of the
magmas. As previously mentioned, petrographic data
clearly point to the involvement of two magmas of dif-
ferent vintage in the eruption. In analyzing the 1960
compositional trends, the early-1960 lavas (along ‘with
those of 1955) and the late-1960 lavas will be treated as
two separate magmatic systems, and lavas of the middle
period of the eruption will be considered as mixtures of
the early and late systems.

The compositions of early-1960 and 1955 lavas (total
range of magnesia, 5 to 7 percent) define a trend that is
controlled primarily by the simultaneous separation of
clinopyroxene and plagioclase along with minor olivine
(Murata, 1960; Tilley and Scoon, 1961). In figure 4,
the decrease in calcium oxide and alumina and the in-
crease in all other constituents with decreasing mag-
nesia in this range are due to the simultaneous
separation of these minerals.
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The chronological trend of lava composition during
the 1955 eruption (Macdonald, 1955) was in the direc-
tion of increasing magnesia, calcium oxide, and alumina
(fig. 3), reflecting either (1) an accumulation of clino-
pyroxene, plagioclase, and olivine phenocrysts in the
deeper parts of a magma body, analogous to the settling
of olivine in the 1959 summit magmas, or (2) a vertical
gradient in temperature and melt composition in a
magma body that was separating these minerals largely
in the form of a coherent crystal meshwork attached to
the walls of the magma chamber. In general, a frac-
tionally crystallizing body of basaltic magma would be
expected to have a relatively less dense magnesia-
depleted rest liquid in its upper part and more dense
and more magnesian parental and accumulate magmas
in its lower part. Ordinarily, the upper rest liquid
would be erupted first, so a chronological trend toward
more magnesian compositions, as seen in the 1955 erup-
tion, would be considered normal.

As previously stated, early-1960 lavas (samples F-1
to F-6) are considered to represent old magma that
failed to be expelled in the 1955 eruption. Figures 3
and 4 show that these early-1960 lavas manifested an
abnormal chronological trend toward less magnesian
compositions. Petrographically, the content of clino-
pyroxene, plagioclase, and olivine phenocrysts was vir-
tually uniform in these lavas, apparently ruling out an
explanation of the abnormal trend on the basis of a
variation in the amount of these phenocrysts. The prob-
lem, thus, is one of suitably expelling a melt, which is
presumed to be richer in magnesia in its lower part than
in its upper part, so that the chronological trend toward
less magnesian compositions is realized.

Of the several possible solutions, the simplest and pre-
ferred one, which was suggested to us by H. A. Powers,
calls for tapping the lower part of the pocket of old
1955 magma and draining the contents laterally to 1960
vents at a lower elevation. Spatially, this is possible,
because the last active vents of the 1955 eruptions were
16 km uphill from the 1960 vents, at elevations more
than 300 m higher. Such a mode of expulsion of the

magma would very simply explain the unusual chrono- -

logical trend toward less magnesian compositions seen
in the early-1960 lavas.

Further discussion of the compositional trends in the
1960 flank lavas will be undertaken through the use of
enlarged variation diagrams for alumina and calcium
oxide, shown in figure 5. '

Three of the variation trends among the flank lavas
(D-E, D-F, and D-@) plot as straight lines in figure 5,
while the fourth (trend of the intermediate-1960 lavas)
describes an arc, which starts near Z' and meets line D-#
near its middle. Straight-line trends, as already exem-
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plified by the olivine-control line B-4-C of the 1959
summit lavas, are readily amenable to treatment in
terms of separation of one or more phenocrystic min-
erals from appropriate magmas.

The phenocrystic minerals present in flank lavas have
been identified microscopically (Richter and Murata,
1966), and sufficient data on their chemical composition
have been obtained to justify a quantitative treatment of
the straight-line trends among the flank lavas. The
general procedure has been to start with a lava or a
glass that marks one end of a given trend line and cal-
culate the composition of the lava or glass at the other
end by adding or subtracting appropriate amounts of
the several phenocrystic minerals. Trial calculations
were carried out until a satisfactory agreement was ob-
tained between the derived composition and the known
composition of the terminal lava or glass.

The 1955 and early-1960 magmas (lines D-G and
D-E, respectively, in fig. 5) have been considered to-
gether up to this point and will continue to be so con-
sidered, but the variation lines of certain constituents,
such as alumina and soda (figs. 4 and 5), suggest a
second-order difference between the compositional
trends of the two magmas. Because the difference is so
minor, it is not thought necessary to treat the two
trends separately, and only the early-1960 trend (D-Z')
will be discussed in detail.

Point D in figure 5 is a key point of reference for
establishing the interrelationship among flank magmas.
This point is obtained as an average composition (table
4, last column) for very similar glasses separated from
three samples of late-1960 lavas (samples F-11g, —12g,
and -19g of table 4). With respect to these lavas, the
glass of point D represented an essentially homogeneous
liquid which served as a suspension medium for olivine
and clinopyroxene phenocrysts. It occupied a terminal
position in the variation trend of the late-1960 lavas
analogous to the position held by lava € in the olivine-
control trend of the 1959 summit lavas.

The composition of glass 2 may also be attained by
only a slight extrapolation of either the 1955 or early-
1960 trends of variation to a higher percentage of mag-
nesia (line G-D or £-D, fig. 5). These trends undoubt-
edly represent lines of liquid descent for Kilauea
magmas in this advanced stage of differentiation. The
melt of point D can be thought of as having a parental
relationship to the 1955 and early-1960 magmas and
would be hotter than these magmas. It then serves as
a connecting link between these magmas and the late-
1960 magma (F-D, fig. 5). As will be seen later, it
further constitutes a connecting link between flank
magmas in general and the more primitive 1959 summit
magmas.
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The process of fractional crystallization of the early-
1960 magma (line D-£') can be examined quantitatively
by comparing the composition of glasses D and £, under
the assumption that the latter represents a residual
liquid obtained by partial crystallization and removal
of crystals from the former. Before the required cal-
culations can be discussed, the compositions of the sev-
eral phenocrystic minerals involved must be presented.
in table 5. Mineral compositions given in the table are
to be considered as averages for phenocrystic minerals
with somewhat variable composition. Clinopyroxene
(augite) phenocrysts were separated from the earliest
1960 lava (F-1) and also from a 1955 flow, and their
compositions are given in columns 2 and 3 of the table.
Because the compositions are very similar, the average
of the two, given in column 4, is used in the calculations.
The average composition of plagioclase phenocrysts,
given in column 5, was obtained by making trial cal-
culations with several compositions in the petrographi-
cally determined range of An;,_ss and selecting the one
(Ang;5) that best fit the chemical data.

The olivine composition (Fasss), column 6 of table
5, 1s based on a chemical determination of 21.60 percent
FeO for a concentrate of olivine phenocrysts separated
from the same 1955 lava that furnished the clinopy-
roxene (augite) of column 3 and on unpublished data
on minor elements in Kilauea olivines (Harry Bastron,
written commun., 1963). A similar olivine concentrate
prepared from sample F-1 of 1960 contained 19.67
percent FeO. The higher percentage of FeO was
selected because petrographic studies showed that these

concentrates consisted of two different kinds of olivine
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with compositions Fa,, and Fa,, and further showed
that the more fayalitic olivine was the one in equi-
librium with the melt.

Trend D-E can now be calculated by starting with
123.30 g of glass D (table 5, col. 1) and abstracting
a mixture of minerals consisting of 10.00 g of clino-
pyroxene (col. 4), 11.00 g of plagioclase (col. 5), and
2.30 g of olivine (col. 6). The aggregate composi-
tion of the abstracted mixture of crystals is shown as
E’ in figure 5. The 100.00 g remainder has the com-
position given in column 7, which agrees tolerably well
with the analysis of glass Z' (col. 8). Thus, trend D-£
can be quantitatively described in terms of a separation
of the previously listed weights of the several minerals
from each 123.30 g of glass (melt) D to yield 100.00
g of a residual melt with composition close to
glass Z. :

A similar treatment of the variation trend in the
late-1960 lavas (line #-D, fig. 5) involves phenocrysts
of clinopyroxene (table 5, col. 4) and of olivine. OI-
vines isolated from lavas F-9, F-16, and F-17 were
found to contain 12.64==0.17 percent FeO (Fay.;) by
partial chemical analysis, and this average FeO con-
tent has been used as the basis to derive the olivine com-
position given in column 11 of table 5. Point F in fig-
ure 5 represents the most mafic of the late-1960 lavas
(sample F-17), and the calculation of trend F-D con-
sists in determining how much olivine and clinopy-
roxene must be added to glass D to obtain point #. The
magma that provides the olivine and clinopyroxene is
discussed in a later section; it is presumed to be hotter
and more magnesian in composition than melt D.

TABLE 5.—Compositions of minerals, glasses, and a lava and calculated compositions of a glass and a lave

{Complete analyses for cols. 2 and 3 are given on p. A25; compositions given in percent; volatile-free basis; total iron expressed as FeO]

1955 and early-1960 magma Late-1960 magma

1 2 3 4 5 6 7 8 9 10 1 12 13
50. 61 51.43 51.44 50.75 5§0. 96 48.92 48.95
14,05 3.93 3.75 13.50 13.58 11.57 11. 59
11.21 7.39 7.34 12. 60 12.45 11.35 1L 51
6.77 16. 42 18.62 5.78 6.77 13.47 13.18
10.79 19.20 19.33 9.84 9.77 9.28 9.32
2.51 .34 .31 2.65 2.60 2.05 2,08
.60 .03 .02 .74 .72 .49 .49
2.98 1.08 1.01 3.57 3.58 2.45 2.43
I 1 PO, .38 .39 .25 .28
.17 .18 .18 .18 .18 17 .18
100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 60
U2 {1 N P PR 10. 00 11.00 2.30 100.00 | ooooeooo. 100. 00 3.00 20. 00 123.00 |-ceoconoen

1. Glass D from table 4, last column,

2. F-1 c¢px, clinopyroxene phenocrysts (Eng.sFs12.3Wo4.1) separated from 1960 lava
sample F-1. D. F. Powers, analyst.

3. Clinopyroxene phenocrysts (Ens oFs;s. Wow.o) separated from a sample of the
1955l Kii flow on roadcut on highway into Kapoho, Hawaii, D. F. Powers,
ansalyst.

4. Average of cols. 2 and 3, Eny sFsis sWou.o. . . .

5. Theoretical composition of plagioclase Ane; 5. This composition, lying within the
petrographically determined range of Ans;-se, best fits the chemical data.

6. Olivine (1), composition of olivine (Fass) in 1955 lavas, computed from the
determination of FeO by R. Okamura and of CaO, MnO, Al30s, and Cr;O3 by
Harry Bastron.

7. Glass E, calculated composition, obtained by subtracting 10.00, 11.00, and 2.30

pDagts o{ t{le minerals in cols. 4, 5, and 6, respectively, from 123.30 parts of glass

in col. 1.

8. Glass E, composition from sample F-3g of table 4.

9. Glass D, repeated from col. 1.

10. Clinopyroxene composition, repeated from col. 4.

11. Olivine (2), composition of average olivine (Fais.s) in late-1960 lavas, computed
from the average FeO content of three samples partially analyzed f)y R. Oka-
mura. The percentages of CaO, MnO, Al303, and Cr;O3 are assumed to be
the same as in col. 6.

12, Lava F-17, calculated composition, obtained by adding 3.00 and 20.00 parts of the
minerals in cols. 10 and 11, respectively, to 100.00 parts of glass D in col. 9.

13. Lava F-17, composition from table 2.



Al8 THE 1959—60 ERUPTION OF KILAUEA VOLCANO, HAWAII

20 ~ ' . CLINOPYROXENES _

Angs

Angs

Angg

PERCENTAGE OF OXIDES

o LL L 11 | | B | L1 ] [ 1
30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 Qz,Ab

PERCENTAGE OF MgO it

-

Fieure 5.—Variation diagram of calcium oxide and alumina showing trends of composi-
tional variation of the lavas relative to key lavas (circles) and glasses (squares) and
to the compositions of the separating minerals, Heavy solid lines denote compositions
directly indicated by analyzed lavas or glasses. Broken lines denote compositional
trends deduced from the fractional crystallization sequence of Kilauea magma.

Ezplanation for figure 5

A. Basaltic glass, probably very close in composition to the primitive melt (table8, = C-D. Possible mode of transition from summit magmsa to flank magma (table
col. 2). cols, 1to 8).

B. Most magnesian lava of the 1959 summit eruption (sample S-5, fig. 4 and table 1). D3, Possible composition of the mixture of minerals that separated from magma C to

C. Average low-magnesia lava of the type commonly produced in summit eruptions produce the transition C-D, The arrows radiating from D3 point to the com-
of Kilauea (table 3, col. 7). Includes the least magnesian 1959 summit lava positions of the four minerals involved—clinopyroxzene U, Ang, Fas, and Mt
(sample S-2, fig. 4 and table 1). . (table 7, explanation of col. 7).

B-A4-C. The olivine-control line of variation defined by the 1959 summit lavas. D-E. Differentiation trend of the early-1860 flank magma.

D. Average glassy fraction of the late-1960 flank lavas (table 4, last column). This E’. Composition of the mixture of minerals separating out of magma D to produce
glass occupies & key position in the differentiation of the 1955 and 1960 flank trend D-E. The arrows radiating from E’ point to the compositions of the
magmas, as well as in the transition from summit to flank magmas. three minerals involved—Ane.s, clinopyroxene P, and Fay,s (table 5, cols.

E. Glassy fraction of theleast magnesian early-1960 flank lavas (sample F-3g, table4). 1to 7). .

F. Most magnesian late-1960 flank lava (sample F-17, fig. 4 and table 2).
@. Least magnesian 1955 flank lava (Macdonal@, 1955, table 13, col. 2; triangular point
to the extreme right in fig. 4 of this paper).

Y
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F1eure 5.—Continued

Ea:planatimi for figure 5—Continued

D-G. Differentiation trend of the 1955 flank lavas.
U. Clinopyroxene from the Uwekahuna laccolith of Kilauea (Muir and Tilley, 1057;
table 7, col. 1 of this paper).

As shown in columns 9 to 12 of table 5, the addition
of 3.00 g of clinopyroxene and 20.00 g of olivine No. 2
to 100.00 g of glass D produces 123.00 g of a mixture
with the composition listed in column 12, which closely
approximates the composition of lava F-17. The calcu-
lated composition is only a little low in FeQ and a little
high in MgO. This discrepancy suggests that the
average olivine of the late-1960 lavas was about 1 per-
cent richer in FeO and correspondingly poorer in MgO
than the example given in column 11. The calculation

P. Average clinopyroxene in the 1955 and early-1860lavas (table 5, col. 4).
M. Composition of lava erupted 8 miles downhill from the summit (Shepherd,
1938, p. 335).

indicates that the late-1960 lavas corresponded chiefly to
suspensions of variable amounts of -olivine and clino-
pyroxene in a rather uniform melt, with the weight
ratio of olivine to clinopyroxene fixed at 20: 8.

This ratio of olivine to clinopyroxene, deduced from
the variation trend of the late-1960 lavas as a whole,

‘may be compared with the relative amounts of

phenocrysts of :the two minerals in individual lava
samples. Petrographic determinations of the ratio in
several samples are given by Richter and Murata
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(1966), and ratios close to 20:3 are reported for the
most picritic samples.

A chemical method of determining the relative
amounts of phenocrystic minerals is based on analyses
of concentrates of crystals prepared from samples F-
11 and F-12 of late-1960 lavas. The analyses are listed
in table 6, columns 1 and 6. Because the aim was to
retain all crystals in their original proportions, these
concentrates were not purified to a high degree and
thus were contaminated by substantial amounts of glass.
Nevertheless, any increase in the crystals-to-glass ratio
over that in the original lava accentuates the contrast
in composition between crystals and glass and thereby
helps to fix the total composition of the crystals more
precisely. The analyses of the crude concentrates are
corrected by means of the known compositions of the
pertinent glass (table 4) under the assumption that all
potassium oxide belongs to the glass. Columns 2 and 7
in table 6 contain the corrected compositions of the pure
crystalline fractions of lavas F-11 and F-12, respective-
ly. In the further calculations, the composition of the
olivine was left as a variable instead of assuming it to
be that given in column 11 of table 5. It appears as a
remainder in columns 5 and 10 of table 6.

For both crystalline fractions, a satisfactory solution
could not be obtained without allowing a small amount
of plagioclase. This result is in accord with the petro-
graphic observation in late-1960 lavas of progressively
decreasing amounts of remnant plagioclase crystals in-
herited from the early-1960 magma. Plagioclase Ang s
was unstable in the late-1960 magma and played no sig-
nificant role in its differentiation. The residual com-
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positions in table 6, columns 5 and 10, fit the mineral
olivine very closely, and they both indicate about 14.0
percent FeO (Fa,.g) for the olivine of the late-1960
lavas. It will be recalled that the calculation of the
general variation trend for these lavas (table 5) also
suggested such an FeO content, in contrast to the aver-
age chemically determined percentage of 12.64 (Fa,ss).
Muir and Tilley (1963) reported an optically deter-
mined composition of Fa,_;5 for the olivine in the last
flow of the 1960 eruption. It is possible that during the
purification of gram quantities of some olivine pheno-
crysts for chemical analysis, the practice of magnetically
removing fractions that are contaminated by glass or
ore minerals may tend to remove the more fayalitic
grains as well and thus introduce a bias toward a some-
what less fayalitic composition.

The ratio of olivine to clinopyroxene in lavas F-11
and F-12, according to the above calculations, was
20:2.79 and 20:2.76, respectively, in agreement with
the general ratio of 20: 3 derived in table 5 for the late
1960 magma.

In summary, two separate magmas were erupted dur-
ing the 1960 flank eruption, and the cooler early magma
manifested a compositional trend that can be defined
in terms of separation of clinopyroxene (En, sFs;;.
Wos.0), plagioclase (Ane:s), and olivine (Fa,s ;) in the
weight ratio of 10.0:11.0: 2.3 from a melt (D), whose
composition is given in table 5, column 1. The hotter
late-1960 magma can be represented by variable amounts
of total phenocrysts, consisting of olivine (Fa..s) plus
the above clinopyroxene in the ratio of 20: 3, suspended
in the same melt D. This magma had not cooled to the

TABLE 6.—Calculated compositions, in percent, of the crystalline fraction of two late-1960 flank lavas and their contained
olivines

[Volatile-free basis; total fron expressed as FeO]

1 2 3 4 5 6 7 8 9 10

Si0p. o __ 45.76 | 41.37 | 51.16 | b51.44| 39.71 44.17 | 41.33 | 51.16 | 51.44 39. 80
A1203+ CryO0ge e 7.59 1.72 | 31.29 3.84 .73 5.22 1.26 | 31.29 3. 84 . 56
FeO_ .. 12.20 | 13.07 [..______ 7.37 | 14.16 | 12.51 13.04 |________ 7.37 13. 96
MgO. o 24.50 | 40.65 | ______. 16.52 | 44.95 | 30.73 | 41.46 (._______ 16. 52 45. 37
CaO_ . 6. 59 2.73 13.86 | 19.26 15 5. 08 2.57 | 13.86 | 19.26 .13
NayO_ - . 1.22 . 06 3. 69 W32 Lo .79 .03 3. 69 .32 ...
KO . 28 | . L03 oo B £ I PR B L03 oo
Ti00. - L. 1. 52 W21 |l 1. 04 .10 1. 02 A 5 2 P 1.04 [L_______
PyOs o ___ 16 ||| S 1 R TN PO I
MnO.____ o ... 18 19 oo .18 .20 .18 18 |- - .18 .18

Total . _ . ____ 100. 00 | 100. 00 | 100.00 | 100.00 | 100.00 | 100.00 | 100. 00 | 100.00 | 100.00 | 100.00
Relative amount________________ 190. 90 | 100. 00 2.00 | 12.00 | 86.00 | 144. 44 | 100. 00 1.00 | 12.00 87. 00

1. F-11x, original crystal-rich fraction separated from lava F-11; contaminated with
glass F-11g of table 4. D. F. Powers, analyst.

2, F-llx, pure crystalline fraction of col. 1 calculated free of glass, assuming that all

belongs in the glass,

3. ’I‘heoretlca.l composition of plagioclase Aner.s.

4. Composition of average phenocrystic clinopyroxene from table 5, col. 4.

5. Remainder left after deducting plagioclase and clinopyroxene from the crystalline
fraction of col. 2. The composition is that of olivine.

6. F-12x, original crystal-rich fraction separated from lava F-12; contaminated with
glass F-12g of table 4. D. F. Powers, analyst.
7. F-12x, pure crystalline fraction of col. 6 calculated free of glass, assuming that all
ad belongs in the glass.
8. Plagioclase composition repeated from col. 3.
9. Clinopyroxene composition repeated from col. 4.
10. Remainder left after deducting plagioclase and clinopyroxene from the crystalline
fraction of col. 7. ‘The composition is that of olivine.
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crystallization temperature of plagioclase Ang,s. Melt
D was a residual liquid in the hotter late-1960 magma
and a parental liquid for the cooler early-1960 magma.

Lavas of the intermediate period (samples F-7 to-9),
which describe curved rather than straight trends on
the variation diagrams, were mixtures of the early and
late magmas.

THE TRANSITION FROM SUMMIT MAGMA TO
FLANK MAGMA

The problem of the way in which 1960 flank magmas
were derived from the 1959 or an even earlier primitive
magma will be discussed in some detail because it affords
an opportunity to summarize many aspects of fractional
crystallization of the primitive magma. This problem
will be examined in terms of attaining the composition
of the key glass D (an average composition of glasses
separated from three samples of late-1960 lava (fig. 5;
table 5, col. 1)) from some composition on the olivine-
control line of the 1959 summit lavas. The course of
the olivine-control lines for these lavas (B-4-C, fig. 5)
indicates that the separation of olivine alone cannot
effect the transition to glass D, as is especially well
shown by the variation lines of calcium oxide.

The distinctly lower content of calcium in glass D
than in summit lavas of similar magnesia content
clearly calls for a separation of either or both clinopy-
roxene and plagioclase. We are, however, faced with
the fact that the most silicic 1959 lava (S-2) contained
only 50.1 percent silica, whereas Kilauea clinopyroxenes
have 51.3 to 51.7 percent silica and labradorite ranges
between 50.5 and 55.6 percent silica. The higher silica
content of glass D (50.6 percent in comparison with 50.1
percent of lava S—2) cannot be attained by separation of
either or both clinopyroxene and labradorite without
the accompaniment of other phases poorer in silica, such
as olivine, magnetite, or bytownite.

That clinopyroxene predominated among the sepa-
rated phases is strongly suggested by the fact that it is
the next mineral after olivine to be crystallized by the
cooling magma; a minor accumulation of this mineral
was actually observed among the coolest of the 1959
lavas (samples S-1 and S-3). Also, when clinopyrox-
ene and plagioclase separate together in approximately
equal amounts, as in the early-1960 magma (trend D-Z,
fig. 5), the alumina content of the residual liquid drops
steadlly. In the transition from any composition on the
olivine-control line of the 1959 lavas to glass D, how-
ever, the rise in the concentration of alumina in the
residual liquid indicates that the separation of plagio-
clase must have been minor relative to clinopyroxene.

Given an appropriate set of cooling conditions, the
transition to glass D, in principle, can start from any
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composition on the olivine-control line. However, it
is already clear that the primitive summit magma can
rapidly differentiate into an olivine-rich lower part and
an olivine-poor upper part and that the transition to
glass D probably involved the low-magnesia rest liquids
of the upper part. For our purpose, the average low-
magnesia summit lava given in table 3 is used as the
starting magma for the transition to glass D. Calcu-
lated residual compositions based on the abstraction of
several combinations of minerals from this magma are
given in table 7. For each combination, trial calcula-
tions were not carried out exhaustively but only to the
extent necessary to discover the general merit of the
combination.

Optical determination (Richter and Murata, 1966)
of the clinopyroxene phenocrysts in summit lavas S-1
and S-3 gave a composition of approximately
En; Fs,0Wo,. This composition differs somewhat from
that of the analyzed clinopyroxenes (average of
En,; Fs:22Wo40.0 as given in table 5, col. 4) separated
from an early 1960 and a 1955 lava. It more closely
approximates the composition of -clinopyroxene
En,;¢F's;22Woso as given in table 5, col. 4) separated
Uwekahuna laccolith of Kilauea by Muir and Tilley
(1957), so the composition of the Uwekahuna clino-
pyroxene, U, as given in table 7, col. 1, is used in the
calculations. ~
TABLE 7 —Calculatwn of the transition from a summit magma

to a key flank magma .
[Results in percent; volatile-free basis; total iron given as FeO]

1 2 3 4 5 6 7 8

. 50.08 { 50.10 | 50.35 | 50,61

. 14.71 | 14.07 7 14.13 | 14.05

. 11.58 | 11.69 ] 11.25] 1L21

f 6. 44 6.83 6.86 6.77

. 10.77 | 10.99 ( 11.05 [ 10.79

3 2.42 2.33 2.34 2.51

. .62 .62 .62 .60

3 2.91 2.01 2.93 2.98

. .29 .29 .29 .31

R . .18 .17 18 17
Total..-_( 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

1. Clinopyroxene U(Emo stw 7Wozn.s) of Uwekahuna laccolith at the summit of
Kilauea volcano. H. Scoon, analyst (Muir and Tilley, 1957, table 4, No. 1a).

2. Theoretical composmon of phenocrystlc plagioclase Angs that was found in the
1959 summit lavas S-1 and -3

3. Ass.j,llme% cgmposmou of olivine Fais that was found in the 1959 summit lavas

1 and -3.

4. Common type of low-magnesia lava produced in summit eruptions of Kilauea.
Average composition given in table 3, col. 7.

5. Residual liquid D’ obtained by subtracting 9 parts of clinopyroxene U from 109
parts of the summit magma of col. 4.

6. Residual liquid D'’ obtained by subtracting 8.50 parts of total crystals, consisting
of 6.00 parts-of clinopyroxene U, 2.25 parts of Ang, and 0.25 part of F&:s, from
108.50 parts of the summit magma of col. 4.

7. Residual liquid D" obtained by subtracting 9.00 parts of total crystals, cons1stmg

of 6.00 parts of clinopyroxene U, 2.25 parts of Angs, 0.25 part of Fa,g, and 0.50
- _part of FeO (for magnetite), from 109.00 parts of the summlt magma of col. 4.
. Key flank magma, glass D from table 5, col. 9. .

Plagioclase phenocrysts observed in'summit lavas S—l
and S-3 were determined optically to have the compo-
sition Ang,, which is given in table 7, column 2. "‘The
composition of olivine Fa,s, observed in the same lavas,

00
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has been constructed from the available data on minor
elements in other Kilauea olivines and from the theoret-
ical formula and is listed in column 3. The composition
of the summit magma that was selected as the starting
- substance for the transition to flank glass D is listed in
column 4 and denoted by point C on figure 5.

The abstraction of 9.00 parts of clinopyroxene U alone
from 109.00 parts of the summit magma yields a residu-
al liquid D’ with the composition given in column 5,
which should be compared with the composition of
glass D in column 8. This liquid is too low in silica and
magnesia and too high in alumina and ferrous oxide.
Clinopyroxene is richer in calcium oxide than plagio-
clase Ang, or olivine, so the fact that separation of
clinopyroxene alone only lowers the concentration of
calcium oxide down to that in glass D shows that the
possibilities of involving the other minerals are very
restricted. The excessive amount of alumina in liquid
D’ calls for removal of some plagioclase as well as clino-
pyroxene, but the low percentage of soda is a severe
limitation, unless recourse is taken to plagioclase com-
positions more anorthitic than An,,.

By separating 6.00 parts of clinopyroxene U, 2.25
parts of plagioclase Ang,, and 0.25 part of olivine Fa,s
from 108.50 parts of the summit magma, residual liquid
D’’, with the composition given in column 6, is obtained.
Compared to residual liquid D’, D’/ agrees better with
glass D with regard to alumina and magnesia but is still
too low in silica and too high in ferrous oxide. If, in
addition to the 8.50 parts of the several minerals de-
ducted above, 0.50 part of ferrous oxide (representing
equivalent magnetite) were removed from a total of
109.00 parts of the summit magma, the resultant liquid
D”"" would have the composition given in column 7.
This composition attains a tolerable overall agreement
with glass D. An even closer fit is obtained if a more
calcic plagioclase (up to Ang) is substituted for An,,
but petrographic observations do not support such a
substitution. ‘

The calculations show the degree to which clino-
pyroxene predominates over the other minerals sepa-
rated from the summit magma €. The weight ratio of
clinopyroxene, plagioclase, olivine, and magnetite to
one another is 10.0:3.8:0.4:0.8. The transition from
the summit magma to glass D is the only step in the dif-
ferentiation of Kilauea magma in which an intra-
telluric crystallization of magnetite is suggested.
Presumably crystallization of magnetite could be
caused by the rise in partial pressure of oxygen due to
the high stand of the particular magma in the magma
chamber or conduit, where it could have become con-
taminated by air.

Analyses of two samples of low-magnesium lavas
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produced in the small 1868 eruption in Kilauea Iki
(Tilley and Scoon, 1961) show contents of total iron
both lower and higher than those indicated by the
olivine-control line for their percentages of magnesia.
The low-iron sample (their sample 2, their table 1) ap-
pears to illustrate the depletion of iron from a magma
whose composition originally lay on the olivine-control
line, whereas the high-iron sample (their sample 3, their
table 1) has a general composition more like those of
flank lavas of similar magnesium content. Very likely
the 1868 lavas, like the first ones of 1959, represented
the uppermost and coolest portion of a column of sum-
mit magma which was separating clinopyroxene, plagi-
oclase, and minor olivine and magnetite and producing
a residual liquid like glass 2. The previously discussed
fractional crystallization of about 8 percent of magma
C to achieve compositions approaching glass D seems
to be the most advanced stage of differentiation possi-
ble for summit magmas under the current eruptive
regimen.

Although melts approaching glass D in composition
have been erupted occasionally at the summit, the far
more common type of summit rest magma is that de-
seribed in table 3 (also point C, fig. 5). 'As discussed
previously, this magma represents the terminal com-
position on the variation trend due to olivine control
and has not yet started separating any other mineral.
It thus appears that the transition C-D of figure 5 to
glass D takes place largely during the movement of the
supernatant rest magma away from the summit region
along subterranean conduits in the rift zone. If so,
clinopyroxene and other minerals separated in the dif-
ferentiation would be deposited mostly in conduits and
chambers in the rift zone. Such a removal of the
separated phases would explain both the consistent
manifestation of simple olivine-control in summit mag-
mas, only rarely complicated by the separation of other
minerals, and also the commonly more advanced com-
positions of flank magmas. The composition of the lava
that was erupted in 1923 near Makaopuhi (Shepherd,
1938), only 8 miles down the east rift zone from the
summit, is illustrated by the percentage of CaO and
Al,0; in figure 5, and the indicated affinity is clearly
with the flank type of magma rather than with the
summit type.

With decreasing temperature, progressively larger
amounts of plagioclase would separate from the flank
rest magma until plagioclase and clinopyroxene would
be depositing in nearly equal proportions, giving rise to
trend D-G or D-E of the 1955 and early-1960 lavas.
The total of about 150 million cubic meters of lava pro-
duced in 1955 and early 1960 contained no picrites.
Their absence in such a major outpouring of magma on
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the Kilauea flank seems unusual and may be due to the
derivation of these particular flank magmas from the
magnesia-depleted liquid ¢' of the summit column of
magma. '

If, however, rest magma D in the rift zone were
joined by primitive magma escaping from the lower
part of the summit magma column, the resultant mixed
magma would crystallize substantial amounts of olivine.
The fractional crystallization of such a mixed magma
has not been worked out in detail, but because its tem-
perature would be lower than that of the primitive

magma, it would be expected to crystallize olivine and.

clinopyroxene that are somewhat more ferroan. The ac-
cumulate picrites would differ from typical summit pic-

rites by containing phenocrysts of clinopyroxene inter-

spersed among the olivines. The late-1960 olive-rich
basalts (trend D-F, fig. 5) appear to have been derived
from such a mixed magma. ‘

In principle, a charge of primitive magma injected
into the rift zone could have produced the late-1960
magma through appropriate separation of olivine,
clinopyroxene, plagioclase, and magnetite. However,
the spatial and thermal conditions of separation that
must be postulated would then be so complex that it
seems simpler to invoke a mixing of the primitive
magma with an appropriate rest liquid such as glass D.

Lavas of the intermediate period of the 1960 eruption
(samples F-7 to F-9) illustrate a further intermingling
of the late-1960 magma, already a mixed magma, with
the 1955 and early-1960 magma representing the prin-
cipal line of liquid descent (D-@ and D-E)).

The several stages of differentiation of Kilauea
magma revealed in the lavas of the 1959-60 eruption are
summarized in the following table. The composition
of the primitive magma is assumed to be that of glass
S-5g, as corrected on page A24 and in table 8, column 2.
The extent of crystallization of the magma at each stage
of differentiation has been derived from the series of
fractional crystallizations previously calculated.

’ Percentage of—
Stage of differentiation Major minerals
(See fig. 5) previously crystallized
MgO | SiOs | Crystals
removed
A, Priniligi)ve magma (table 8, | 10.00 | 49.20 0 | None.
col.2).
C. End of major olivine crys- 7.3¢4| 50.10 6.4 | Olivine,
tallliz;;tion (table 3,
col.7), .
D. Start of main feldspar 6.75 | 50.45 14.1 | Pyroxene,olivine.
cr¥s8t?llization (table 4,
col.8).
E. Most differentiated 5.74 | 50.69 30.3 | Plagioclase, pyroxene,
glassin early-1960lavas olivine.
(table 4, col. 4).
G. Most differentiated 1955 5,12 51.24 36.5 | Plagioclase, pyroxene,
lava (Macdonald, 1955). olivine,

The table shows that after crystallization of over a third
of the original primitive magma, the silica percentage
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rises only from 49.20 to 51.24 percent. The amount of
quartz-rich granophyric differentiate with more than
60 percent silica that could be derived from Kilauea
magma would thus be very small.

COMPOSITION OF THE PRIMITIVE KILAUEA MAGMA

Practically all lavas erupted by Kilauea volcano are
somewhat differentiated. What the composition of the
original undifferentiated magma that rises from great
depth might be is a question of abiding interest. Mac-
donald (1949a) arrived at a possible composition by
averaging all analyses of Kilauea lavas available in
1949 (table 8, col. 3). Powers subsequently (1955)
obtained a primitive composition that was somewhat
less mafic (table 8, col. 4). Because the 1959-60 erup-
tion of Kilauea was studied in much detail geochemi-
cally and geophysically, an attempt was made to derive
a primitive composition from the data on this eruption.
As previously mentioned, the 1959 summit lava S-2 and
similar materials of earlier eruptions (table 3) represent
the low-magnesia terminus of the variation trend due to
olivine control. The problem of deriving the composi-
tion of the primitive magma is largely one of determ-
ining how much olivine becomes separated to produce
this low-magnesia magma.

As shown in figure 1, the 1959 eruption at Kilauea Iki
was complicated by a peculiar spasmodic behavior,
which, from the 2d to the final (17th) phase, involved
repeated eruption and withdrawal of 1.5 to 10 million
cubic meters of lava. For the present purpose, only
materials erupted during the weeklong first phase will
be considered. The ground-tilt data indicate a general
deflation of the summit region during the first phase as
though a single charge of magma was being expelled in
an orderly manner. ’

The composition and quantity of lava that ponded in
Kilauea Iki during the first eruptive phase are known
with an accuracy rarely attained in studies of volcanic
eruptions. , The minor amount of pumice deposited out-
side of Kilauea Iki during the first phase represents the
only deficiency in the data. An average composition of
the lava of the first phase, weighted according to the
quantities of lava discharged, is given in table 8,
column 1. This composition is very similar to that of
lavas S-7 and S-9 (table 1), which raises the possibility
that magma of primitive composition was reaching the
surface during the latter part of phase 1. It is a sur-
prisingly mafic composition with nearly 14 percent
magnesia. It can be argued that this material is so
mafic because it contains olivine that had been left be-
hind in the magma chamber by an earlier magma, per-
haps that of 1954.
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TABLE 8.—Calculated compositions and mnorms, in percent, of
the primitive Kilauea magma

1 2. 3 4

Calculated composition

SiOg . 48.21 49. 20 49. 80 50. 08
ALOs o ____ 11.37 12.77 12. 42 12.93
€003 e __ 1. 50 1. 50 1.53 1.51
FeO_ .. 10. 18 10. 05 9.91 9.95
MgO_ . 13.94 10. 00 10. 31 8. 66
CaO_ . __ 9.74 10.75 10. 32 10. 96
Na,O_ ... 1.89 2.12 1.96 2.20
KO ... .44 .51 45 50
H,O4+ . .04 09 |-
O— o __.__ .01 | 02 | .
TiOg o _ 2.24 2.57 2.68 2. 69
90 e .22 .25 29 29
MnO.______ . ____ .18 17 13 |-
COg oo .02 02 | .
Clo o ___ .02 02 ||
¥ ___ .03 02 || .
Subtotal - __________ 100. 03 | 100. 06 99. 80 99.77
Less O .________ .02 IS0 O R FESO
Total _.________ -100. 01 | 100. 05 99. 80 99.77

Norms
0. 00 0. 00 0.00 36
2.22 2.78 2.22 2.78

16.24 | 17.82 | 16.24 | 18.34
21.41| 23.91| 24.19| 23.91

10.90 | 11.95 10. 56 11.95

10 | - 19.20 14. 50

10.80 | 12.
4. 49 6.34 9. 50 8.58
11.76 3.92 .14 00
5.30 2.24 .20 00
2.09 2.09 2.09 2.09
4.26 5.02 5.02 5.17
.34 .34 .67 67

1. Weighted average composition of lava produced during the first eruptive phase at
Kilauea Iki, Nov. 14 to 21, 1959.

2. Most mafic glass S-5g found among lavas of the 1959 summit eruption at Kilauea
Iki, corrected for clinopyroxene as explained in the text (p. A24§).

3. Average of 24 analyses of Kilauea rocks (Macdonald; 1949, p. 74).

4. Average historic Kilauea magma (Powers, 1955, p. 85).

Another indication of the composition of the primi-
tive magma can be derived from the composition of the
glassy parts of the lavas. The most mafic glass found

among 1959 lavas has the composition given for sample |

S-5g in table 4. Evidence for its containing a slight
excess of dissolved clinopyroxene has been presented
(p- Al15). A graphical subtraction of this excess is made
by projecting a line in figure 5 from clinopyroxene U
through the composition of the glass onto point 4 (10.00
percent MgO) on the olivine-control line. The cor-
rected composition, read off the olivine-control lines in
figure 4 at the magnesia percentage of 10.00, is given
in table 8, column 2. It is somewhat less mafic than the
composition of column 1 and is fairly close to the primi-
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tive composition derived by Macdonald (1949) as given
in column 3. :

The most mafic Kilauea glass would seem to be the
best sample of the primitive magma, but it too is not
free of ambiguity. If the primitive melt had a certain
amount of superheat, it could melt olivine phenocrysts
that settled into it and thereby become more mafic than
it was originally. The corroded outline of some olivine
phenocrysts in summit picrites may be due to such a
process of remelting. However, such remelting of
olivine must take place only to a limited extent because
the maximum lava temperatures seem to be close to the
liquidus of the primitive magma. _

Uncertainty as to what actually transpired under-

ground during the spasmodic later phases of Kilauea

Iki eruption obscures the significance of the chemical
compositions of the later lavas. Ifalllavaserupted dur-
ing the 2d through the 17th phases are considered to be
new materials reaching the surface for the first time, the
overall average composition based on a total discharge
of 100 million cubic meters would be substantially more
mafic than that in table 6, column 1, perhaps having as
much as 17 percent magnesia. Such an ultramafic lava
(corresponding to magma with about 25 percent dis-
solved olivine) is generally thought to form through
gravitative settling of olivine phenocrysts. In recent
years, however, the question of the existence of such
ultramafic primitive magmas has been raised by Drever
and Johnston (1957) and by Wyllie (1960). The gen-
eral picture of magmatism developed through the years
by investigators in Hawaii clearly indicates the efficacy
of settling of olivine phenocrysts for producing ultra-
mafic lavas. Existing information seems to favor a con-
tent of roughly 7 percent of dissolved olivine (Fa,s) in
the primitive magma, corresponding to about 10 percent
magnesia. The possibility of more mafic magmas, how-
ever, is not entirely excluded by the data now available.

DATA PERTINENT TO THE GENESIS OF COMPOSITE
INTRUSIONS

For those concerned with problems about intrusive
bodies of basaltic composition, the rapid fluctuations in
the composition of the 1959 summit lavas are interesting
to ponder. As shown in figure 1, the composition may
become more mafic or less mafic with time. However, if
the trend toward less mafic composition is related to a
waning of magmatic pressure, as figure 2 suggests, then
the opposite trend is probably more pertinent to the
problem of forceful intrusion of magma into a cold
country rock. Using samples S-2 to S-5 of figure 1 as
an example, it is conceivable that a less mafic magma
could form the leading edge or finger of a growing in-
trusive and chill against the wall rock. If the intrusive
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were thin enough, the chilled early material would not
be remelted by, and mix with, the more mafic magma
that soon followed it. There would then result a seem-
ingly anomalous intrusive body whose core was more
mafic than the chilled border zone.

In the west wall of the caldera of Kilauea is a small
composite vertical dike about a foot thick. Its outer
zone consists of aphanitic basalt, while its core is highly
picritic, with no chill relationship between the two
parts. The zonation of this dike was probably due to a
previously established compositional gradient in the in-
truded magma rather than to any differentiation fol-
lowing emplacement.

COMPOSITION OF TWO KILAUEA CLINOPYROXENES

For the purpose of the calculations outlined in table
5, the composition of a clinopyroxene isolated from an
early-1960 lava and that of another from a 1955 lava
were given on a volatile-free basis, with total iron ex-
pressed as FeO and with chromium oxide combined with
alumina. The original analyses in percent are given
as follows: '

Oxides Elements based on six oxygen atoms

1 Fe=Fe+2+4Fet+--Mn.
1. Chrox;ﬁatn augite, phenocrysts separated from sample F-1oftable2, D.F.Powers,
analyst.
2. Chromian augite, phenocrysts separated from a sample of the 1955 Kii flow collected
in the cut on highway to Xapoho. D.F. Powers, analyst.
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