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Abstract

The K:0/Na.O ratio and, to a lesser degree, Na.0—+K:0 of
prehistoric tholeiitic lavas exposed on the wall of Makaopuhi crater,
Kilauea volecano, show periodic change with time. Similar variation
is found in the lower member of Waianae voleano, Oahu Island.
Marked increase in K:0/Na.O ratio of the historic lavas of Kilauea
as compared with that of early historic and many prehistoric lavas
of the same volcano may correspond to a part of such periodic var-
iations in K:0/Na:O ratio as represented by the above two examples.
As one possible mechanism for such increase in K:0/Na.O ratio,
fractional crystallization of K.0-poor plagioclase is proposed.

Locality and Sampling

Many prehistoric lava flows of Kilauea volcano are exposed on the
wall of Makaopuhi crater; one of the largest pit craters on the east
rift zone of Kilauea. The lava flows are superposed without any de-
tectable unconformity and lie parallel with the slope of the volcano.
Makaopuhi crater consists of two partially overlapping collapse pits of
different ages. The eastern older pit is larger and filled with a pre-
historic consolidated lava lake (MOORE and EvANS, 1967). The western
pit was formed after the lava lake solidified and the western part of
the lava lake was lost by the collapse. A near-vertical section of lava
flows about 300 m high was exposed on the wall of the western pit at
the time of sampling by us in the summer of 1963. Samples were
collected from the succession of pahoehoe lava flows both on the north

*  Publication authorized by the Director, U.S. Geological Survey.
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Makaopuhi pit crater
Northern Southern

wall - Wwall

/!

Top of 1965
lava lake

Fig. 1. Schematic cross section of the western part of Makaopuhi pit crater.
Numbers indicate the position of specimens. The 1965 lava lake filled the
lower part of the pit and buried the site of specimens from No. 21 to
No. 26, and Nos. 1 and 2.

and south walls of the pit (Figs.1and 7). From the north wall every
accessible lava flow was sampled (Nos. 1-14, and 21-26). From the
south wall, where many thin flows are superposed, six flows were
sampled (Nos. 15-20). Out of the six, two flows (Nos. 18 and 19) are
in direct contact, and the other five flows are separated from each
other by many thin flows which were not sampled. These lavas are
probably younger than 17,000 years because they are believed to lie on
top of the Pahala Ash, a thick widespread ash from Kilauea that has
been determined to be between 10,000 and 17,000 years old by radio-
carbon dating (RUBIN and BERTHOLD, 1961). The Pahala Ash is not
exposed in the pit crater but is present a few miles south where it
crops out in the high fault scarps of the Hilina Pali fault system. The
lavas of the crater wall are older than those of the prehistoric lava
lake which partially fills the pit crater.

In March, 1965, an eruption occurred within Makaopuhi crater and
formed a lava lake 120 m deep in the west pit. The sites of the lower
crater wall samples (up to No. 2 in Table 1) were covered by the new
lava (Fig. 1).

Chemical Composition of the Lava Samples

A total of 30 specimens were collected from 27 individual flow units.
All of these were chemically analyzed for Na,O and K,O by H. HARAMURA,
Geological Institute, University of Tokyo, and one of us (S.A.). The
chemical data and the microscopic petrography of the samples are
shown in Table 1. Specimens 8, 9, and 10 were analyzed for SiO,, and
Nos. 14, 20, and 21 for 13 components (Table 2). In Fig. 2, Na,0+




K.0, K,0/Na,0, and the thickness of each lava flow are shown in strati-
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graphic order.

From Fig. 2, it is apparent that the K,;0/Na,0 ratio increases from
about 0.2 at the lowest sampled flows to about 0.35 near the center
flows, and then decreases to about 0.2 at the top. Total alkalies show

Table 2. Chemical composition and norms of lavas from

Makaopuhi crater wall.
with those in Table 1.
logical Institute, University of Tokyo.

Chemical analyses

Sample numbers correspond
Analyst: H. HARAMURA, Geo-

Column 1 2 3 4 5 6
Sample No. 20 21 14 8 9 10
Si0, 49.85 51.96 50.90 49.22 48.78 49.14
Al:Qs 10.87 11.66 12.63 :
TiO, 2.72 4.08 3.54
Fe.0: 4.81 2.83 2.95
FeO 7.44 10.25 9.87
MnO 0.21 0.22 0.21
MgO 11.76 5.71 6.40
Ca0 9.64 9.79 10.81
Na0 1.91 2.50 2.41 2.56 2.35 2.38
K0 0.33 0.55 0.48 0.90 0.83 0.77
P.0s 0.24 0.38 0.27
H.0- 0.05 0.08 0.05
H,0+ 0.28 0.28 0.35
Total 100.11 100.29 100.37
Norms
Column 1 2 3
Sample No. 20 21 14
Q 3.09 8.11 5.29
Or 1.95 3.23 2.84
Ab 16.15 21.11 20.40
An 20.07 18.96 22.24
Wo 10.91 11.40 12.36
En 29.28 14.21 15.93
Fs 5.61 10.16 9.81
1 5.16 7.76 6.73
Mt 6.97 4.09 4.29
Ap 0.57 0.91 0.64
Total 99.76 99.94 100.03
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Fig. 2. Na;0+K;0, X;0/Na:0, and thickness of lava flows in stratigraphic
succession exposed in Makaopuhi crater wall, Kilauea voleano.
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Fig. 8. Plot of Na;0+K:0 against Si0.. Broken line is the bound-
ary between tholeiite and alkali olivine basalt fields as given by
MacpoNALD and KATSURA (1964, Fig. 1). X is the liquid that
rose into the drill hole through the crust on the 1959 Kilauea
Iki lava lake (MACDONALD and KATSURA, 1961). Filled circles
are specimens from Makaopuhi crater wall (Table 1). Bulk of
the Hawaiian tholeiites fall within the area indicated by dotted
curve.
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a similar though less pronounced trend. The SiO, content of the sam-
ples Nos. 8, 9, and 10 (Table 2) and the microscopic petrography of
the high K,0/Na,0 samples (Table 1) indicate that the high K,0/Na,0
values are not due to an advanced stage of crystallization differentia-
tion. In Fig. 8, total alkalies are plotted against Si0,. Though the
three high K,0/Na,0 samples fall close to the broken line which is the
boundary between the fields of tholeiites and alkali olivine basalts
(MAcDONALD and KATSURA, 1964), all six samples from the Makaopuhi
crater wall fall within the tholeiitic field. The presence of the ground-
mass olivine in the high K,0/Na,0 lavas (Nos. 8, 9, 10, and 11) may be
related to the higher content of alkalies in these rocks.

When plotted in a Ca0-SiO, diagram such as given by TILLEY
and ScooN (1961, Fig. 3), out of three specimens analyzed for both CaO
and SiO, (Table 2), No. 21 falls in the field of hypersthene bearing
lavas while Nos. 14 and 20 fall in the field of lavas without hypersthene.
It is interesting to note that in specimen No. 21 rare hypersthene
phenocrysts rimmed with clinopyroxene are present while in Nos. 14
and 20 no hypersthene was noted (Table 1).

Discussion

The K,0/Na,0 ratio of 0.35 obtained from some of the Makaopuhi
lavas is exceptionally high for the Hawaiian tholeiites. In Fig. 4, the
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Fig. 4. K;0/Nay0 ratio and SiO; content of lavas from some dormant Hawaiian
voleanoes. Dots, early tholeiitic lavas; ecircles, later tholeiitic lavas; and cros-
ses, alkalic lavas. Analyses from MACDONALD and KATSURA (1964) and MACDONALD
et al (1960). Waianae, Oahu: dots, lower member; circles and crosses, upper
member. Kohala, Hawaii: dots, lower member; crosses, upper member. West
Maui: dots, main part Wailuku volcanic series; circles, uppermost part Wailuku
volcanic series; crosses, Wailuku volecanic series. Kauai: dots, lower Waimea
Canyon volcanic series (Napali formation); circles, upper Waimea Canyon vol-
canic series (Olokele and Makaweli formations); crosses, Koloa voleanic series.
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K;0/Na,O values are plotted against SiO, for four major tholeiitic primi-
tive shields of Hawaiian Islands (data from MACDONALD and KATSURA,
1964). The K,0/Na,0 ratio of the bulk of tholeiites of these four
volcanoes fall in the range 0.05 to 0.25 for SiO, content of about 50
weight percent. Many lavas show a K,0/Na,O ratio less than 0.2.

' In Fig. 5, K,0/Na,0O ratios of the tholeiites of Kilauea volcano are
plotted against SiO,. In view of the poor quality of alkali determina-
tion in some of the older chemical analyses, only those published after
1949 are plotted in the figure. The submarine lavas of the east rift
zone of Kilauea volecano were collected from the surface of the rift

UWEKAHUNA MAKAOPUH SUBMARINE 1840,1868
® EAST RIFT ZONE| 1917,1919 ©
o
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) )
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Fig. 5. K:0/Na:0 ratio and SiO. content of prehistoric and historic lavas and intrusive
masses Kilauea voléano. Sources of analyses and symbols are: Uwekahuna
laccolith, MURATA and RICHTER (1961); Makaopuhi prehistoric lava lake (filled
circles), (MoORE and EVANS, 1967); prehistoric lavas exposed on the wall of
Makaopuhi crater (open circles), this report (Tables 1 and 2), three points with
K;0/Na;O ratios higher than 0.3 are Nos. 8, 9, and 10 in Table 1; lavas dredged
from the submarine part of the east rift zone of Kilauea volcano (MOORE,1965).
Historic lavas: 1840 (MACDONALD, 1949, and MOORE and AULT, 1965); 1868 (TILLEY
and SCooN, 1961); 1917 and 1919 (MACDONALD and EATON, 1955); 1921 (TILLEY, 1960);
1952 (MACDONALD, 1955b); 1954 (MACDONALD and EATON, 1957); 1955 (MACDONALD,
1955a); 1959 (MURATA and RICHTER, 1966; and MACDONALD and KATSURA, 1961);
1960 (MURATA and RICHTER, 1966); 1961 (RICHTER et al, 1964); 1963 (PECK et al,
1965).
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zone by dredging from water depths of 490 to 5,000 m (MOORE, 1965).
Since the subaerial part of the same rift zone is mantled by historic
flows over roughly one-half of its length, probably about one-half of
these submarine samples are historic. Hence this suite of samples must
be considered as a mixture of young surface flows intermediate between
late prehistoric and historic.

From Fig. 5, it is apparent that K,0O/Na,O ratios are higher in
lavas erupted after 1917 than those erupted before the 20th century
and in prehistoric time. The K.,0/Na,O ratios of most of the early and
prehistoric lavas range from 0.15 to 0.24 while those of recent lavas
range from 0.23 to 0.29. The SiO, content of most lavas cluster around
50 percent while pieritic varieties

show lower SiO, contents. Thus 2o] . .
the K,0/Na,O ratio appears to have 261 < . O °
increased temporarily in recent %: O@ 1 '.
Kilauean lavas as compared with 25+ o) °
prehistoric lavas of the same vol- 2 ) OO . o
€ano. 24 O ©

In Fig. 6, the variation of 21 <. o
K.0/Na,0 and K,0+Na,0 is shown 191 O °
for successive lavas of the lower ¥ :?,: (?O :
member of Waianae volcano, Oahu S 16+ o - °
Island (data from MacpoNaLD and :f ] ) OO o
KATSURA, 1964). Like the lava 134 -0 °

. 12+ + O °

succession on the crater wall of "A o - .
Makaopuhi, Kilauea, the K,0/Na,0 |<$>,—1 -OO o
ratio changes periodically with & 8- ® °
time. The range of the K,0/Na,0 & g: '8. '.
variation is more than 0.15. The 5 ® °
variations shown in Figs. 2 and 6 g: C o, . ° .
indicate that in both the Kilauea 2- . 0 °
and lower Waianae magmas, there ' * °
were epochs of marked enrichment 010 020 20 30
of K,O and to a lesser degree of K"'%azo , N0,0+K0
Na,0. Fig. 6. Variation of Na0+K:.0 and

No definite estimate can be K,0/Na,0 in the lower member of

: int be- Waianae volcano, Oahu (data from
made as to the time intervals MAcDONALD and KATSURA, 1964). Open

tween the emplacement of sue- ciecles are overlapping means of three
cessive lava flows exposed on the consecutive points.

Makaopuhi crater walls and on

Waianae volcano. However it is possible that the recent and probably
temporary increase in K,0/Na,O ratio in historic lavas of Kilauka vol-
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Table 3. SiO, and alkali contents of segregation veins
and filter-pressed “oozes” of historic or prehistoric
lava lakes, laccoliths, and lava flows of Kilauea vol-
cano.
. . K
Specimen | Host rock body | Si0: | Na.0 | K0 _Iff{zz% f\]ﬁ% Reference
Segregation Uwekahuna MURATA and
vein laccolith 52.04 | 2.79 0.83 3.62 0.30 RICHTER (1961)
» ” 51.68 | 2.46 0.70 3.16 0.28 | ARAMAKI(1968)
Prehistoric lava,
’ flow on Kilauea| 52.36| 2.99 | 0.80 | 8.79 | 0.27 KUN‘Zlggﬁl'
caldera wall
Prehistoric lava
; MOORE and
” lake in Makao-| 52.72 | 2.85 0.68 3.53 0.24
puhi crater EvaNs (1967)
Filter-pressed Crilst °1n l}959 48.43 | 2.10 | 0.60 | 2.70 | 0.29 |MACDONALD
ooze in ava lake and KATSURA
drill hole | Kilauea Iki | 47-73| 2.43 | 0.98 | 3.41 | 0.40 (1961)
50.62 | 2.65 | 0.88 | 3.58 | 0.33
50.25 | 2.62 | 0.80 | 3.42 | 0.31
53.80 | 3.26 | 1.57 | 4.83 | 0.46
Crust on 1963
’ lava lake | 50.72| 2.77 | 0.96 | 3.73 | 0.35 TROKgbal
Alae pit erater | 59 79| 983 | 1.16 | 3.99 | 0.41
51.84 | 2.80 | 1.07 | 3.87 | 0.38
51.68 | 8.10 | 1.17 | 4.27 | 0.88

cano is similar to such peaks in the K,0/Na,O ratio as are found in
lavas of Makaopuhi crater wall and Waianae volcano.

The anomalously high K,O/Na,0 ratios are also found in segrega-
tion veins or filter-pressed “oozes” of historic or prehistoric lava lakes,
laccoliths, and lava flows of Kilauea volcano. They are tabulated in
Table 3. Most of the authors cited in Table 3 consider advanced stages
of fractional crystallization as the main cause of enrichment in K,O
and Na,0, but MACDONALD and KATSURA (1961) and others remark that
volatile transfer and thermodiffusion may have operated to some degree
during differentiation.

ARAMAKI (1965) showed that the plagioclase phenocrysts (labradorite)
of the 1955 lava flow on the east rift zone of Kilauea volcano are low
in K;0. They contain 0.22 weight percent K,0 (1.2 molecular percent
Or) and 4.09 percent Na,O. All of the analyses of the lavas of Kilauea
voleano presently known to us have K.,O contents higher than 0.22
percent and Na,0 lower than 4.09 percent. Therefore subtraction of
plagioclase with such a composition should always increase the K,0/Na,O
ratio of the residual liguid. For example, the subtraction of 5 weight
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s o

Fig. 8. Photomicrograph of lava 7
light. Note olivine phenocrysts.

(Table 1), Ma crater wall, Plain
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| Fig. 9. Photomicrograph of lava No. 9 (Table 1), . Plain

light. White areas are gas pores.
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percent of this plagioclase from a liquid whose composition is repre-
sented by an analysis of the 1955 Kii flow of Kilauea (MACDONALD,
1955a, Table 13, column 3) will increase the K,0/Na,O ratio from 0.29
to 0.31. The composition of the Kilauean tholeiitic magmas is general-
ly very close to the boundary between fields of olivine, clinopyroxene,
and plagioclase on the liquidus “surface” of the magma. The presence
of these three minerals as phenocrysts in the lavas of Makaopuhi
crater wall (Table 1) also indicates that the prehistoric Kilauean liquids
fluctuated between these fields. Hence, a slight change in physical-
chemical conditions in the shallow magma chamber may change the
order of appearance of these minerals from the liquid.

SHIBATA and KATSURA (written communication) have shown ex-
perimentally that in a tholeiite melt from Kilauea volcano, the order
of appearance of phenocrysts is olivine—clinopyroxene—plagioclase at
atmospheric total pressure and at relatively high partial pressure of
oxygen, while at lower partial pressure of oxygen, the order is olivine
—plagioclase—clinopyroxene. Thus it is interesting to note that in the
relatively shallow magma chamber within the shield of Kilauea voleano
local or temporary change in partial pressure of oxygen alone could
result in a change in kinds of precipitating crystals and hence the
amount of alkalies and the K,0/Na,O ratio.

The samphng of the lava specimens was made when one of us
(S.A.) visited the Hawaii Volcano Observatory, U.S. Geological Survey,
in 1963 under the program of the U.S.-Japan scientific cooporation.
The Japanese party was led by Professor T. MINAKAMI.

We thank Dr. D. Prck, U.S. Geological Survey, for the assistance
during the sample collection, and Mr. H. HARAMURA, Geological Insti-
tute, University of Tokyo, for chemical analysis.
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