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ABSTRACT

The lava of the 1959 eruption of Kilauea Volcano, con-
taining about 20 weight percent olivine, is the only picritic lava
erupted in the summit area in historical time. The olivine
population can be divided into several distinct classes: (1)
irregular, blocky crystals (1-12 mm long), many of which
contain multiple planar extinction discontinuities, which appear
to be deformation features; (2) euhedral or skeletal crystals
(0.5-5 mm long); (3) round or otherwise strongly resorbed
grains; (4) angular or conchoidal fragments; and (5) subhedral
crystals containing sulfide-bearing inclusions. Also present are
dunitic aggregates, some with deformed or annealed textures,
and rare olivine megacrysts.

Olivine in drill core from Kilauea Iki lava lake, quenched as
much as 22 years after the eruption, has the same petrographic
features seen in eruption samples or early lake samples. In
particular, the deformation features in olivine have survived 22
years at 1,140-1,190 °C.

Olivine phenocrysts in samples of eruption pumice have
core compositions of Fog; ¢ g5 ; and contain 0.10-0.25 weight
percent NiQ. Zoning is moderate (<3 percent Fo within most
crystals); normally and reversely zoned crystals are about
equally abundant. There is no correlation between petrographic
class and core composition or style of zoning. This variable but
moderate zoning seen in olivines in the eruption pumices is not
preserved in olivines in drill core from the lake. Lake olivine is
all normally zoned, varying by 5 percent Fo or more, and
appears to have re-equilibrated with the melt during slow cool-
ing.

The eruption samples are, for the most part, poorly equili-
brated. Disequilibrium features observed include: (1) composi-
tional heterogeneity in glasses (away from olivines); (2)
presence of a boundary layer of MgO-poor glass near 30 per-
cent of the olivine grains analyzed; (3) widespread occurrence
of partially resorbed olivines, in all classes; (4) presence of
reversely zoned, unzoned and (or) normally zoned olivines in
the same thin section; (5) presence of olivines of very different
core compositions in the same section; and (6) presence of
olivines of different rim compositions in the same section.
These features appear to record mixing immediately before or
during the eruption. In particular, the resorption of olivine, seen
in grains of all classes, at all but the earliest stages of the
eruption, is interpreted as resulting from mixing of thermally
disparate magmas, in which the hotter component was domi-
nant.

Many aspects of this eruption are unusual for a Kilauean
summit eruption, including: (1) High olivine content; (2) very
magnesian glasses, recording high eruption temperatures; (3)
the presence of deformed olivine, as single grains or in aggre-
gates, like that commonly found in Hawaiian alkalic rocks; (4)
occurrence of rare olivine megacrysts; (5) presence of olivine

with sulfide-bearing inclusions; and, perhaps, (6) presence of
reversely zoned olivines. These features can be explained by a
model in which one of the two mixing components of the
eruption, previously defined by Wright (1973), came directly
from the mantle, without being stored for a significant time in
the shallow summit reservoir. The lava component erupted from
the east end of the initial fissure appears to represent this
juvenile component. The ascent rate of this component from its
source at a depth of 45-60 km is estimated to be 0.6-0.8 cm/s.
This rate is sufficient to entrain the largest olivine grains and
dunitic aggregates found in the 1959 lavas.

INTRODUCTION AND HISTORICAL
BACKGROUND

The 1959 summit eruption of Kilauea Volcano was unique in
the history of the Hawaiian Volcano Observatory (HVO) and of
Kilauea in that it was the first major eruption for which most of the
array of modern volcano-monitoring techniques now available was
used. This eruption lasted from November 14 to December 20,
1959, and formed a conspicuous cinder cone (Puu Puai) and a large
lava lake in Kilauea Iki pit crater (see fig. 25.1) The eruption
consisted of seventeen phases of high fountaining and lava output,
separated by periods of quiescence, during which some of the
erupted material drained from the lake back down the throat of the
main vent. HVO personnel made detailed records of this eruptive
activity, its timing and patterns, including fountain heights and
temperatures, and the depth of filling of the pit crater. The pumice
and lava were then studied petrographically and chemically. These
results were published in a series of professional papers (Murata and
Richter, 1966a; Richter and Murata, 1966; Richter and others,
1970) that, taken together, give a very detailed picture of the
eruption. In addition, Kilauea Volcano had been monitored seis-
mically for several years before 1959; also, summit deformation
before and during the eruption was monitored using the tiltmeter
network established in 1957. Descriptions of the relationship
between earthquake activity, summit deformation and the 195960
eruptions of Kilauea, by Eaton (1962) and Eaton and Murata
(1960), constituted a quantum jump in our understanding of the
physical behavior of active volcanoes.

The lava lake formed during the 1959 summit eruption has also
been much studied. The upper crust of the lake has been drilled
repeatedly (in 1960, 1961, 1962, 1967, 1975, 1976, 1979, and
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FIGURE 25.1.— Index map of the summit area of Kilauea Volcano, showing the
location of Kilauea Iki lava lake and the 1959 cinder cone relative to the main
caldera and the upper east rift zone of Kilauea.

1981), resulting in almost 1,200 m of drill core. Richter and Moore
(1966) present a detailed petrographic and chemical description of
the 1960—62 core. Partial data on petrography and (or) chemistry
for the drill core recovered in 1967—1981 may be found in Helz
(1980), Luth and Gerlach (1980), Luth and others (1981), Helz
and Wright (1983), Helz and others (1984), and Helz (1984). The
thermal history of the lake has also been monitored from the earliest
days; Helz and Thornber (in press) give a partial summary of that
literature. Lastly, the lake has been the object of several geophysical
investigations, such as those of Zablocki and Tilling (1976), Chouet
and Aki (1981), Hardee and others (1981), and Hermance and
Colp (1982).

The 1959 summit lava is unique in several respects, the most
conspicuous of which is its olivine content: it is the only picritic basalt
erupted at or near Kilauea’s summit in historical time. The average
MgO content of the eruption pumice was estimated by Wright
{1973) to be 15.43 percent by weight, which corresponds to about
20 percent by weight olivine crystals. Other historical eruptions with
comparable olivine content have occurred on the rift zones, for
example, the 1840 east-rift eruption (see analyses in Macdonald,
1944; Wright and Fiske, 1971). Other young summit eruptions have
7.0-8.5 percent MgO and correspondingly smaller amounts of
phenocrystic olivine (Wright, 1971).
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Consequently, the eruption pumice and the 1959 lava lake
contain an enormous population of olivine crystals, occurring singly
and in aggregates. This paper presents the results of a petrographic
and chemical study of selected olivine crystals and aggregates, both
in eruption pumice and in drill core from the lava lake. The study
supplements earlier work on the eruption (cited above) by providing
detailed electron microprobe data on a large suite of eruption
samples. A limited amount of microprobe data on the 1959 eruption
pumices has already been published (Leeman and Scheidegger,
1977; Harris and Anderson, 1983), but coverage of the eruptive

suite was very incomplete.
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SAMPLING AND ANALYTICAL PROCEDURES
SAMPLE SELECTION

The 1959 summit eruption consisted of 17 distinct phases.
These phases, and the variations of lake level with time, are
described in detail in Murata and Richter (1966a) and Richter and
others (1970) and are summarized in figure 25.2. During each
phase, eruptive materials were sampled, often both pumice from the
fountain and flow material from the edge and upper crust of the lava
lake. In selecting a subset of samples for this study, preference was
given to pumice samples, because they were quenched much faster
than flow samples, and to samples previously studied, especially
those for which a bulk analysis was presented in Murata and Richter
(1966). The collection dates of samples examined petrographically is
indicated by the dots along the curve in figure 25.2. Although
samples from only twelve of the seventeen phases were checked, they
are fairly evenly distributed in time throughout the eruption.

In addition to these eruption samples, [ have examined 600 thin
sections of drill core from the lava lake. The dnill-core sections
contain all the types of olivine seen in the eruption samples. In
addition, I found in the drill core two olivine megacrysts and a dozen
dense polycrystalline olivine aggregates of distinctive texture. These
unusual aggregates and megacrysts, of types not seen in the eruption
pumice, are the only lake samples that will be discussed in detail in
this paper.
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TABLE 25.1.—Samples of 1959 eruption pumice investigated

Phase of Type of Olivine Resorption Kink bands Types (numbers)
Sample eruption Date sample classes observed? prgsgnt in of s§ctions
present olivines? examined
Iki-1(5-2) 1 11/14/59 Flow 2 No No TS, PTS
Iki-58(5-1) 1 1/14 Flow 2 No No TS, PTS
Iki-42 1 1/16 Flow 2 No No T8(2)
Iki-2(S5-4) 1 11/17 Pumice 2 No No TS
Iki-22 (5-5) 1 11/18 Pumice 1,2,3 Yes Yes TS, PTS
Iki-44 (5-7) 1 11/20 Pumice 1,2,3 Yes Yes TS, PTS
Iki-5 ($-8) 1 11/21 Pumice 1,2 No Yes TS
Iki-7 (5-9) 1 11/21 Pumice 1,2,3,4 Yes Yes TS, PTS
Iki-8(5-10) 2 11/26 Flow 1,2 Yes Yes TS
Iki-11(S-11) 2 11/26 Pumice 1,2,3,5 Yes Yes Ts, PTS
Iki-9(5-12) 3 11/28 Pumice 2 Yes No TS, PTS(2)
1ki-10(5-13) 3 11/29 Pumi ce 2 Yes No TS
Iki-12(5-14) 4 12/4 Flow 2 No No TS
Iki-13($-15) 4 12/5 Pumice 1,2,3,4 Yes No- TS, PTS
Iki-14(5-16) 5 12/6 Pumice 1,2,4,5 Yes Yes TS, PTS
Iki-15(8-17) 5 12/7 Pumice 1,2 Yes Yes TS
Iki-19(5-18) 7 12/8 Pumice 1,2,3,5? Yes Yes TS
1ki-20 7 12/8 Pumice 2,5 Yes No PTS
Iki-21(s-19) 8 12/11 Pumice 1,2,4,5 Yes Yes TS, PTS
1ki-24 9 12/13 Pumice 1,2,4 Yes Yes PTS
Iki-36 9 12/13 Pond Surface 1,2,4 Yes Yes Ts(2)
I1ki-26(8-21) 10 12/14 Pumice 1,2,3 Yes Yes TS, PTS
1ki-32(8-22) 15 12/17 Pumice 1,2,3,5 Yes Yes TS, PTS
Iki-33(8-24) 16 12/19 Pumice 1,2 Yes Yes TS, PTS
Iki-38(5-25) 17? 12/19? Ooze 1,2 No No TS

olivine. Crystals of chromite occurring in the glass, at some distance
from olivine, are rare. This pattern of association of olivine and
chromite suggests that spinel nucleates on olivine, whenever possible.

A few eruption samples also contain minor amounts of fine-
grained augite, with or without tiny laths or plates of plagioclase.
These phases occur in all of the earliest phase 1 pumice samples
(Iki—58, Iki—1, Iki—42) plus some phase 2 and 3 samples (Iki—11,
Iki-9). These minerals are never sufficiently coarse grained to be
considered phenocrystic. They do not survive in recognizable form in
the lake (Helz, 1980), but must make up part of the groundmass.

As can be seen in table 25. 1, the petrographic character of the
olivine in the eruption pumice varies with time. The early phase |
samples (Iki-58, Iki—1, Iki-42, Iki-2) contain only mmor
amounts of euhedral class 2 olivine showing little or no resorption.
Lava temperature evidently increased during this period, however,
as the latest of this series of samples does not contain the tiny augite
%+ plagioclase crystals seen in pumice erupted on November
14-16. On November 18, 1959, the olivine content of the lava

increased and the olivine assemblage became more complex, now
including representatives of classes 1, 2, and 3. This situation
persisted to the end of the first phase, with some fragmental olivine
(class 4) occurring in the latest sample (see fig. 25.4C).

Phase 2 samples also have a complex olivine assemblage,
including the earliest known class 5 olivine. Phase 3, by contrast,
marks a reversion to a depleted olivine population like the early
phase 1 pumice, but with more rounding of the olivine. An early
phase 4 sample is similarly olivine-poor, but later phase 4 and the
phase 5 samples again contain a complex olivine assemblage, which
contains the first fragmental olivine seen since the end of phase I.

Phase 6 1s not represented, but phase 7 pumice continues to
have a very complex olivine assemblage, containing all classes of
olivine except the fragmental class 4. Phases 8 and 9 contain
abundant and very variable olivine (see figs. 25.3, 25.4A-B),
including class 4 fragments, but without any class 3 (round or
strongly resorbed) grains. These are the last eruption samples
known to contain fragmental olivine. In phases 10 and 15, rounded
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class 3 olivine reappears, but class 4 olivine is absent. Later samples
from phase 16 and 17(?) contain abundant olivine, but it is, like that
in the earliest pumice, less variable in form. In the latest sample, an
ooze, the olivine shows neither resorption nor kink-bands; the only
other samples like it are the earliest (November 14—17) phase |
samples.

Thus, the sequence of appearance of the different classes is:
first, class 2, followed by 1 and 3, then 4, then 5. Class 3 and class
4 olivine tend not to occur in the same sample: of the eight samples
with class 3 grains and 6 samples with class 4 fragmental olivine,
only two (Iki-7, Iki—13) contain both classes. Class 5 olivine, the
last class to appear, is found in phases 2, 3, 7, 8, and 15 and may
occur in association with any of the other classes. The sequence of
disappearance, as the eruption went on, was: first, 4, then 3 and 5,
leaving only 1 and 2 present in the last phase.

Certain of these classes are uncommon, and it might be thought
that the apparent gaps in the occurrence of classes 3, 4, and 5 would
disappear, if more thin sections were examined. For many samples,
however, more than one section is available already, and the olivine
population is almost always the same in both sections. Thus, it
appears that the occurrence of class 3, 4, and 5 olivine as reported
in table 25.1 is not an accident of sectioning but a characteristic of
particular samples.

PETROGRAPHY OF OLIVINE PHENOCRYSTS AND
MEGACRYSTS IN THE LAVA LAKE

The same five classes of olivine that occur in the eruption
pumice can be found in samples from the lake. Such samples cannot
he related to individual phases, however, because of mixing in the
lake, drainback between phases, and re-eruption of some of the
same material in later phases. In addition to these complications,
there has been significant redistribution of olivine within the lake
after it crusted over, as discussed in Helz (1980). The dominant
process was probably gravitative settling, as the coarser class |
olivine grains have been affected more than the smaller class 2
phenocrysts. For these reasons, it is not possible to develop an
olivine stratigraphy for the lake that would correlate with the time
sequence observed in table 25.1. Posteruptive redistribution of
olivine has produced essentially three zones in the lake: an upper,
olivine-rich zone down to a depth of 18 m, an olivine-depleted zone
from 18—-40 m, and a second olivine-rich zone from 40 m down to
within 2 m of the bottom of the lake (Helz, 1980; Helz and Whight,
1983; Helz and others, 1984). Both olivine-rich zones contain all
five classes of olivine. The olivine-depleted zone generally contains
only class 2 grains, which are commonly rounded and may be locally
rimmed with pyroxene.

It might be thought that some of the features used to classify
olivine in the eruption pumice would disappear during prolonged
annealing in the lake. In fact, the only type of grain significantly
affected is the skeletal olivine. Skeletal grains do occur in the
pumice, though usually only in the microphenocryst size range
(<0.5 mm). Lake samples, having cooled more slowly, contain
virtually no skeletal olivine. Sample KI79—1-189.0 contains the
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only known example of a coarse skeletal olivine in the lake. Typical
grains of class 2 lake olivine are shown in figure 25.5C. These look
very much like their equivalents in the eruption pumice, as over-
growths of olivine are minor and glass inclusions tend to crystallize
later than the melt outside the olivine.

Other types of olivine have also survived as much as 22 years
of slow cooling unscathed. For example, figure 25.5A shows a class
1 olivine, with multiple planar extinction discontinuities, and strongly
resorbed outline, which is virtually identical to the grain shown in
figure 25.4A. The first grain was quenched from 1,198 °C on
December 11, 1959 (see table 25.1). The second was quenched
from 1,140 °C on April 22, 1981 (Helz and Wright, 1983; Helz
and Thornber, in press). The extinction discontinuities have not been
removed by annealing, nor have the crystallographically irrational
curved surfaces of the resorbed grains healed. Apparently they are
very unfavorable sites for further growth of olivine. Fragmental
olivine also survives in the lake (see fig. 25.5D), perhaps for the
same reason: the broken surfaces are not favorable growth sites,
compared with the abundant rational faces and edges available on
the class 2 phenocrysts and groundmass olivine.

The distribution of class 5 grains in the lake, which appears to
be random, is of particular interest. These grains occur in olivine-
rich samples at the edge of the lake, and in the center, at all depths,
wherever class | grains occur. One of the best examples of this class
(fig. 25.5E) is from the bottom of the deepest drill hole in the center
of the lake. As indicated in table 25.1, class 5 grains have not yet
been observed in any phase | samples. The bulk of the lake,
however, was erupted during phase | and did not drain back down
the vent (see fig. 25.2). Therefore, if the apparent absence of class 5
grains from phase 1 is real, the presence of grains of this class
throughout the lake, including its most northerly and (or) deepest
parts, implies that the bulk of the lake was very well mixed during
phases 2—17, and perhaps for some time thereafter, even though
there was little net increase in lava in the lake after phase 1.

OLIVINE MEGACRYSTS

The principal reason for considering lake samples in a paper on
the dynamics of the 1959 eruption is that the lake contains a sparse
population of very large olivine grains and aggregates of olivine,
distinct from any observed in the available thin sections of eruption
pumice. Perhaps the most curious are the two olivine megacrysts that
have been found in the lake. One of these is shown in fig. 25.5F;
data on both are presented in table 25.2.

The actual size of these large single crystals, or megacrysts, of
olivine is unknown, but the parts of the grains visible in drill core and
thin section are 20 mm by 10 mm. Though found at very different
levels in the lake, the two grains are so much alike that they look like
pieces of the same crystal. Both are wedge-shaped in section and
contain as inclusions large areas of glass plus augite, plagioclase, and
other groundmass phases. Presumably the original grains were
skeletal, with irregular cavities in their cores. Their external form is
not euhedral; their present grain boundaries appear to be fracture
surfaces, at least in part. Both megacrysts contain abundant planar
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relatively little affected by long-term storage in the lake. The other
aggregates of class | grains, from 26—70 m below the surface of the
lake, were cooled slowly from about 1,190 °C to the quenching
temperature indicated in table 25.2 over periods of 8 to 22 years.
However, the only textural change consistently observed in the latter
aggregates is that the grain boundaries become more planar, and the
angle of their intersections at triple junctions approach 120° (see figs.
25.5D, 25.7C). There is some tendency for greater penetration of
the aggregate by melt, but, as figure 25.7C shows, this is not
necessarily extensive, even after 22 years. In some of the more
recently quenched samples there is a tendency for chromite to occur
interstitially in the aggregate, rather than as inclusions in olivine (hg.
25.7C); but other aggregates (fig. 25.5D) have included chromite
preserved.

Some aspects of the fabric of these seven aggregates are
unaffected by annealing in the lake. For example, the aggregates are
notably inequigranular, with the ratio of largest to smallest olivine
grains present varying from 10 to 30 (see table 25.2). There 1s no
tendency for the proportion of small grains to increase or decrease
with time, nor does average grain size change in any other way as
length of storage in the lake increases. Also, as in the isolated
crystals, there is no discernable tendency for the kink bands or
rectangular subgrains to disappear with time. The lack of internal
reorganization of the large deformed grains suggests that the appar-
ent expulsion of chromite to grain boundaries seen in some aggregates
(fig. 25.7C) was accomplished during an earlier cycle of deforma-
tion and recrystallization. The present generation of subgrains, then,
must have been produced in a second deformation event, the effects
of which have not been eliminated by recrystallization during storage
in the lake.

By decrease in number of adhering grains, these aggregates
appear to grade into the dispersed class | olivine phenocrysts. It
seems possible that all the class 1 grains and clusters found in the
eruption samples and in the lake may have been disaggregated from
rocks like this first group of dense, dunitic aggregates.

AGGREGATES OF CLASS 5 GRAINS

Three of the dense aggregates listed in table 25.2 contain
olivine with sulfide-bearing inclusions. The two smaller ones
(K167-2-87.5 and KI79-1-203.6), consisting exclusively of
class 5 grains, will be discussed here. The description below applies
equally to rare smaller clusters of class 5 grains, containing 2 to 6
grains each.

A close-up view of the KI67-2—87.5 aggregate (fig. 25.7D)
shows most of the features of this type. The grains are full of
inclusions; some inclusions are large, of brown glass with or without
opaques and vapor, but most are tiny and any glass present is pale.
Included crystalline phases are chromite and sulfide. In some cases,
the sulfide bleb appears to be too large to be a daughter phase, in
the terminology of Roedder (1984), suggesting that such inclusions
were polyphase initially, the melt already being saturated with an
immiscible sulfide liquid (*chromite) at the time the inclusions
formed. No daughter silicates have been observed. Grain shapes are
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irregular, but grain boundaries are tight only locally. These aggre-
gates all show extensive penetration of melt along grain boundaries,
independent of storage time in the lake. This and the abundant
inclusions give these aggregates a dirty, moth-eaten appearance in
thin section.

The localization of some inclusions in the KI67-2-87.5
aggregate (fig. 25.7D) in planar arrays suggests that they formed
when melt + sulfide, chromite, and vapor were injected into
fractures in a previously existing grain or aggregate of grains. This
distribution of inclusions is different from that in most class 5 grains,
in which the inclusions commonly occupy either the core (as in fig.
25.5E) or a well-defined necklace (as in fig. 25.4F). The latter
arrangements are more characteristic of primary inclusions, that is,
inclusions incorporated during the growth of the individual olivine
grain. The inclusion arrays in figure 25.7D, by contrast, appear to
be secondary crack fillings (see Roedder, 1984, for a discussion of
primary versus secondary inclusions). Sulfide-bearing inclusions also
occur in irregular trails, swirls, and patches that cannot, from their
geometry, be unequivocally designated as primary or secondary.

Class 5 grains are very rare, occurring in only 3 percent of the
thin sections of drill core examined. The fact that aggregates of class
5 grains occur at all suggests that the single grains may formerly have
been in aggregates, as it is highly improbable that these rare grains
would coalesce into pure class-5 clusters after having been dispersed
in the 1959 lava. Because of their rarity and in spite of the variation
in distribution of inclusions, it seems likely that all these sulfide-
bearing grains and aggregates came from a fairly limited source
region.

DENSE AGGREGATES CONTAINING POLYGONAL MOSAICS
OF OLIVINE

Three of the dunitic aggregates described in table 25.2 consist
partly or entirely of a mosaic of equigranular polygonal olivine. Two
of these (in KI79-5—171.4 and KI81-1-181.5) are the largest
known aggregates in the lake. Each of the three is slightly different in
character, having a different range of grain sizes in the mosaic areas,
as follows:

Kl67-2-87.9 ___________________ 0.6-2.5 mm
KI79-5-171.4 ______ 0.4-1.0 mm
KI8I-1-181.5 - 0.05-0.2 mm

The grain size of the mosaics is independent of storage time in the
lake, as the coarsest was quenched in 1967 and the finest grained in
1981. Mosaic textures similar to those shown in figure 25.8A—-C
have been produced experimentally by thermal annealing (Mercier,
1979, p. 200, fig. 2d). None of the grains in the mosaics show any
sign of strain, suggesting that they were not produced by
recrystallization during steady-state deformation of the sort studied
by Ross and others (1980). The lack of correlation between mosaic
grain size and time of storage in the lake suggests that none of these
mosaics was produced during post-eruptive annealing in the lake.

The smallest and simplest of these three aggregates (fig.
25.8C) consists of strain-free grains with curvilinear boundaries and
limited size range. This texture corresponds to the equant gran-
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TABLE 25.2.—Dala on olivine aggregates and megacrysis found in Kilauea Iki lava lake

Size of Crystal size range
Sample Depth of Date Quenching Location aggregate Size ratio Dominant
sample drilled temperature in lake in section Largest Smallest (largest/ crystal
(m) (mo/d/yr) (°c) (mm) (mm) (mm) smallest) class
Olivine Aggregates
KI-113 6.86 8/24/60 1090-1095 center 8x5 4 0.2 20 1
K167-2-87.5 26467 6/14/67 1073 north edge 7x5 6 0.5 12 5
K167-2-87.9 26.79 7/6/67 1090 north edge (a)l 12 x 7 8 0.8 10 1
(b) 9 x3 2.5 0.6 4 Polygonal
mosaic
K179-5-171.4 52.24 2/1/79 950-980 north edge 114 x 10 7 0.4 28 Polygonal
mosaic
KI8l-1-181.5 55.32 4/10/81 1010-1030 center 1,2 16 x 4 2 < 0.1 > 20 Polygonal
mosaic
KI79-1-189.0 57.61 12/21/78 1130-1135 center ()l sxe 6 0.4 15 1
(6 6x6 6 0.6 10 1
K179-6-190.3 58.00 2/14/79 1130-1135 between 5x 4 5 0.5 10 1
center and
north edge
KI179-1-203.6 62.06 12/21/178 1140 center 3 x2 2 0.3 7 5
KI8l-1-224.4 68.40 4/13/81 1140 center 10 x 5 8 0.5 16 1
KIBl-1-230.4 70.23 4/13/81 1140 center 6 x5 6 0.2 30 1
Megacrysts
KI76-2-20.5 6.25 8/30/76 ~100 center 120 x 10 single crystal - -
K181-1-238 72.54 4/14/81 1135-1140 center 1 x 10 single crystal - -

1Cut by edge of section. Area given is that within the section.

2prea of aggregate on drill core surface 16 mm x 10 mm. The section was cut perpendicular to the core surface.

uloblastic category of Harte (1977) or the mosaic equigranular
category of Mercier and Nicolas (1975, fig. 6b, p. 464), a texture
attributed to lengthy annealing at high temperatures. The olivines in
this inclusion contain abundant healed discoid fractures similar to
textures in olivines from San Carlos and elsewhere, which have
been interpreted (Wanamaker and Evans, 1985) as produced by
decrepitation of fluid inclusions during rapid decompression. Similar
healed fractures occur in inclusions KI67-2-87.5 and
KI79-1-189.0(a), but are not as common in these aggregates as in
figure 25.8C.

The KI8I-1-181.5 aggregate is more complex, in that it
contains, in addition to the fine-grained mosaic shown in figure
25.8B, a population of coarser, more euhedral crystals, commonly
containing a necklace of inclusions, some with sparse, tiny sulfide
blebs. The coarser grains probably represent a second stage of grain
coarsening, with the larger crystals having grown at the expense of
smaller ones. The necklace of inclusions would correspond to
impurities along former boundaries of the grains, swept up as the
olivine grains grew outward. For the following reasons, this inter-
pretation is preferred to a model in which the coarser grains would
be considered to be later cumulates that attached themselves to a
preexisting fine-grained substrate: First, some of the coarse grains
occur within the mosaic, not at its edge. Second, the grains are very
tightly intergrown and randomly oriented (unlike the open cumulate

aggregates shown in fig. 25.6A—B). Third, the small mosaic grains
contain very tiny inclusions similar in character to those in the coarser
grains, suggesting that the coarse grains grew by incorporating this
mosaic and its grain-boundary phases. Clearly the second-stage
coarsening did not take place in the lava lake; the mosaic at the left
end of the aggregate (fig. 25.8D) is in direct contact with the host
and shows no coarsening whatever. Therefore, both stages predate
incorporation in the present host.

The third of these aggregates, from sample KI79-5-171.4
(fig. 25.8D), is the most heterogeneous and also the most enigmatic.
It contains areas where deformed class | grains are partly enclosed
by strain-free polygonal grains, but elsewhere it contains euhedral,
class-2-like grains. This aggregate also shows more extensive pen-
etration by melt (now groundmass crystals) than any other aggre-
gate. Of all the aggregates in table 25.2, this one appears to have
the most complex history.

In contrast to the other two groups of aggregates, which
correspond to one or another of the olivine classes described above,
the mosaic grains do not occur as a recognizable separate class of
dispersed grains. [t is possible that some of the smallest class |1 and
some class 3 grains might be former polygonal mosaic, but this seems
unlikely: there are very few such grains in the eruption pumice. A
more likely explanation is that strongly annealed dunites are simply
rarer than the mildly deformed ones.
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temperature assigned each glass in table 25.4 is based on this
calibration.

OLIVINE PHENOCRYST COMPOSITION VERSUS
PETROGRAPHIC CLASS

Olivine compositional data as a function of the petrographic
classes established above are presented in figures 25.9A—-B and
25.10. Figure 25.9A shows histograms of the forsterite content of
the cores of all the olivine phenocrysts analyzed to date. Each
symbol corresponds to one analyzed point. For grains showing
<0.5 percent variation in forsterite, all points are plotted. Most
such grains are strongly resorbed (class 3 or 1) or fragmental (class
4) and may not have any real rims preserved on them.

The most important feature of figure 25.9A is that there is
extensive overlap in core compositions between the euhedral class 2
olivine and the less regularly shaped, kink-banded and (or) sulfide-
bearing olivine in classes 1 and 5. Class | and 5 cores extend to
higher forsterite contents (88.7 percent), and class 2 cores to lower
forsterite contents (85.0 percent), but the bulk of both subsets fall
between 85 and 88 percent Fo. The class 3 and 4 grains are not
distinctive, with most having 86.5-87.7 percent Fo. It should be
noted that the composition of olivine from phase | (which made up
most of the lake; see fig. 25.2) is no different from that of olivine in
the later phases, except that the most iron-rich class 2 grains are
absent.

TaBLE 25.3.—Composition of selected olivine grains from the 1959 cruption
pumice, showing exiremes of composition and zoning
[Oxide contents in weight percent]

1 2 3 4 5

Sample Tki-22 _ 1ki-9 1ki-24
core Tim core tim core

Olivine class 1 1 2 2 1
Points in 5 4 2 4 3
analysis
8i0g=mmmmmmmmmmmmme 39.44 39.90 40.09 38.95 40,22
TiDy———=======—m—mm= .01 .01 <05 04 .00
Al Oy .03 .02 .00 .02 +00
Cryly-—-—--------——= .02 .00 .04 .02 .01
Fef———————————a e 14.22 12.09 12.26 18.16 11.03
NiQ-—mmmmmmmmmmmcee 10 19 .15 ol 17
LT R it «20 «17 «12 +20 .17
L 45,86 47.76 47.38 42.37 47.87
Caf-—---————m e 24 .20 +24 .32 .25
NagQ---—-—-—-—mmm——— .00 .00 -00 .02 .02
Total-—-—-==—=———=! 100.12 100.34 100.33 100.11 99.74
percent
MolZ Fo 85.2 87.6 87.3 80.6 88.6
Comment s Reverse Extreme normal Most

zoning zoning magnesian
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Most of the olivine phenocrysts in the eruption samples are
zoned, and figure 25.9B summarizes the available data on zoning
patterns for the same population of grains whose core compositions
were given in figure 25.9A. Most grains vary over a range of 3
percent Fo or less, the zoning generally being confined to the
outermost 10—-30 wm of the crystal. Only two small class 2 grains
are more strongly zoned, showing as much as an 8 percent decrease
in Fo from core to rim. The class 3 and 4 grains are essentially
unzoned.

Three features of figure 25.9B are particularly noteworthy.
First, normally zoned and reversely zoned grains are almost equally
abundant. Second, there is little difference between the euhedral
class 2 grains and the class | and 5 grains in this respect. If
anything, reverse zoning is more frequent in the class 2 population.
Lastly, the olivine phenocrysts analyzed so far from phase | samples
are mostly either reversely zoned or unzoned. Normally zoned
phenocrysts do not become common until phase 2.

The variation in NiO content of olivine cores for this same
population of grains is shown in figure 25.10. NiO content was of
particular interest because potentially it might allow one to dis-
tinguish between cognate and xenocrystic (peridotite-derived)
olivine, or perhaps between olivine that coexisted with sulfide and
olivine that did not. As can be seen in figure 25.10, however, the
various populations appear not to have distinctive NiO contents.
The few class 5 sulfide-bearing grains in the eruption pumice tend to
fall below the median NiO content for the class | + 5 grains overall,
but even here the difference is not very marked. (It should be noted
that all the sulfides in the class 5 grains in the eruption samples are
tiny, hence do not unequivocally predate entrapment and therefore
do not prove that the basaltic melt from which the olivine in fig.
25.10 grew was sulfide-saturated.) From the analyses in table 25.3
one might suppose that there was a positive correlation between NiO
and forsterite contents, but when the entire data set is considered
there is no such correlation. The NiO contents observed here
(0.10—0.30 percent) are the same as reported by other workers for
Kilauea basalt (Hakli and Wright, 1969; Bence and others, 1981)
and other mafic rocks (Fleet and others 1977; Fleet and MacRae,
1983).

It is evident from figures 25.9A—B and 25.10 that the various
petrographic classes of olivine described earlier are not distinct with
respect to Fo content or NiO content or style of zoning. They are
not distinguishable on the basis of MnO or CaO contents either.
This suggests that the olivine grains formed under some continuous
range of conditions and that none of the classes can be singled out on
the basis of composition as being xenocrystic to their host.

The results presented above are slightly at variance with those
of some earlier workers. Richter and Murata (1966) reported that
large blocky olivine phenocrysts were magnesian (Fog;_g3) and
small euhedral olivine crystals more iron-rich (Fog,). Certainly
individual crystals can be found with these characteristics, but the
composition ranges of the two populations overlap almost com-
pletely. Even the microphenocrysts (not shown in figs. 25.9A-B,
25.10) range from Fog; to Fo,,. Thus, the various olivine groups
cannot be considered to be successive generations of crystals grown
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TABLE 25.4.—Composition of glass away from olivine phenocrysts in selected samples of the 1959 Kilauea eruption pumice

[Oxide contents in weight percent; total iron reported as FeQ]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sample No. Tki-1 Iki-58 Thi-22 Tki-44 Iki-7 Iki-11 Iki-9 Tki-13 lki-14 Iki-20 Iki-21 Tki-24 Iki-26 1ki-32 ki-33
Date (mo/d)
sample 11/14 11/15 /18 11/20 11/21 11/26 11/28 12/5 12/6 12/8 1z/11 12/13 12/14 12/17 12719
collected
Phase of 1 1 1 1 1 2 3 4 5 7 8 9 10 15 16
eruption
50.23 49.18 49.46 49.62 49.32 50.46 49.84 49.43 49.81 49.76 49.88 49.26 49.65 49.63
2.9 2.49 2.66 2.64 2.64 2.82 2.62 2.60 2.60 2.63 2.68 2.67 2.63 2.63
13,98 12.10 12,82 12.88 12.69 13.51 12.74 12.73 13.02 12.85 13.19 12.98 12.93 13.03
.00 .08 .07 .05 .06 .01 .07 .06 04 .07 .07 .06 04 .06
11.65 11.33 11.27 11.25 11.15 11.00 11.14 11.27 11.28 11.21 11.04 10.92 11.08 11.22
14 .13 .14 .13 .12 .14 «13 .13 .13 .13 .13 .13 .13 W12
6.46 10.03 8.55 8.60 8.48 6.93 9.04 9.49 8.21 9.09 8.61 8.67 8.73 8.70
11.50 11.17 11.25 11.33 11.39 11.56 11.39 11.38 11.33 11.4l1 11.51 11.51 11.55 11.67
2.62 2.33 2.53 2.46 2.51 2.48 2.36 2.29 2.32 2.39 2.17 2.46 2.45 2.28
«60 .52 54 .56 .56 .58 +55 +58 +54 «55 .58 .52 «54 «60
.26 .22 .26 .25 .27 .31 .23 .21 .27 .26 .24 .24 .23 .24
TOLAl~=mm == 99.57 100.35 99.58 99.55 99.77 99.19 99,80 100.11 100.17 99.51 100.35 100.10 99.42 99.96 100.18
Points in
average 8 14 6 6 7 4 6 9 5 5 7 4 6 5 4
Quenching
temperature 1142 1144 1216 1187 1188 1185 1154 1196 1205 1181 1197 1188 £189 1191 1190
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FORSTERITE CONTENT OF OLIVINE PHENOCRYST

CORES, IN MOL PERCENT

FIGURE 25.9. —Compositional data for olivine phenocrysts from the 1959 Kilauea
eruption. Shaded squares, olivine from phase |; open squares, olivine from
later phases. A, Frequency distribution of forsterite content of the cores of olivine
phenocrysts in eruption samples. Each square represents one analyzed point. B,

DIFFERENCE OF FORSTERITE CONTENT,
CORE MINUS RIM, IN OLIVINE PHENOCRYSTS,

IN MOL PERCENT

Frequency distribution of different types of Mg-Fe zoning observed in olivine
phenocrysts in eruption samples, for the same olivine population as in fig. 25.9A.
Each square represents one grain. Negative abscissa values indicate reverse
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NICKEL OXIDE CONTENT OF OLIVINE PHENOCRYST
CORES, IN WEIGHT PERCENT

FicURE 25.10.—NiO content of the cores of olivine phenocrysts in the 1959
Kilauea eruption samples, for the same population of olivine grains as in fig. 25.9.
Each square represents one analyzed point. There are fewer points in this figure
than in figure 25.9 because Ni was not always analyzed for. Shaded squares, phase |
olivine; squares with x, class 5 olivine, from phases 2—16; open squares, other
olivine from phases 2—16. The calculated limit of detection of NiO is 0.08 weight
percent.

from a single batch of magma.

The data in figure 25.9B8, showing that most olivine phe-
nocrysts are zoned, are superficially in conflict with Leeman and
Scheidegger’s (1977) statement that the olivine in the 1959 eruption
is not zoned. This is a question of semantics, however: Leeman and
Scheidegger chose to regard any grain that varied by less than 5

percent Fo as unzoned, and it is true that strongly zoned grains are
rare in the 1959 lava.

OLIVINE PHENOCRYST COMPOSITIONS VERSUS TIME

It is evident from figure 25.9A—B that olivine compositions
and zoning patterns vary slightly from phase to phase of the
eruption. These variations from sample to sample are shown in
figure 25.11. Note that in this figure, in contrast to figures 25.9A
and 25.10, symbols correspond to more than one analyzed point.
For example, in sample Iki—11, three grains have been analyzed,
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one each from classes 1, 2, and 5. There are six analyzed core
points and three rim points on the class 5 grain, but some of the core
points fall on top of each other, so are not visible as separate points
in figure 25.11. Average MgO content of the glass in each sample
(see table 25.4) is plotted below the olivine data. The range of
MgO content shown is that observed in glass more than | mm away
from any olivine phenocryst. The fields m figure 25.11 outline the
range of core compositions for the two groups of olivine.

As noted above, olivine is sparse in the cool (1,140-1,145
°C), early phase | samples. The olivine grains are small and
euhedral, but with variable zoning. Iki—22, the first of the olivine-
rich samples, has a much more magnesian glass with a quenching
temperature of 1,217 °C (see table 25.4) and a phenocryst popula-
tion of large, reversely zoned olivine crystals. Previous workers
(Leeman and Scheidegger' 1977; Ford and others, 1983; Harris
and Anderson, 1983) have noted that the cores of these olivine
phenocrysts would be in equilibrium with the glass in the sample at
about 1,250 °C. None has reported the existence of the more
magnesian rims, however.

In contrast to Iki—22, Iki—44 has only fairly magnesian olivine
grains in it, all virtually unzoned. The glass in this sample was
quenched from a lower temperature (1,189 °C) than that in Iki—22.
The glass in [ki-7 is similar to that in Iki—44 but it includes,
besides magnesian, unzoned olivines hke those in Iki—44, reversely
zoned euhedral olivines, some of which are shown in Agure 25.4C.
Thus, in phase | we see a large range in glass composition and a
significant range in olivine composition (Fogg to Fog, 5). However,
there is no correlation between glass composition and olivine core
composition, olivine rim composition, or the style of zoning, if any.
As noted above, all large zoned olivine grains in phase 1 are
reversely zoned.

Phase 2 (Iki—11) contains the first coarse, normally zoned
olivine, in addition to reversely zoned crystals. The crystals do not
converge on a common rim composition, however: the class | crystals
range from Fog; g (core) to Fog, (rim), whereas the class 2 crystals
go from Fog, (core) to Fogy 4 (rim). Further evidence of internal
disequilibrium is the observation that the glass in this sample is
appreciably more heterogeneous than that in any individual phase 1
sample, with MgO ranging from 8.07 to 8.60 percent, for glasses
well away from olivine.

Phase 3 (Iki-9), like Iki—58 from phase 1, though olivine-
poor, does not contain a uniform olivine population. Only two small
class 2 olivines occur in the thin section, but they show very different
zoning patterns: one ranges from Fog; 4 to Foyg 5 and is euhedral at
the edges; the other varies from Fog, o to Fog; ; and is resorbed at
the edges. The glass in this sample was quenched from a lower
temperature {1,154 °C) and is more differentiated than that in any
but the earliest phase | samples.

Phase 4 glass (Iki—13) is again more magnesian, with a
quenching temperature of 1,196 °C, and the glass is more hetero-

! Leeman and Scheidegger (1977) refer to Iki—22 as KI-7 and to what is probably lki-7 as

KI-22. This is a numbering mixup: Tki—22 has a unique high-MgO glass not found in any other
phase | pumice. Ford and others (1983), using Leeman and Scheidegger’s data, reproduce the
same numbering error.
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FIGURE 25.11.—Composition of olivine phenocrysts (mol percent Fo) and of glass
(weight percent MgO) in samples from the 1959 eruption of Kilavea, plotted
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analyzed points on a given grain having the same composition, rounded to 0.1
percent Fo. All data from a given grain are connected by a line. Solid circles,
analyzed points from the cores of grains; open circles, points around the rims of the

geneous than any other sample, with MgO varying from 8.70 to
9.48 percent. Phase 5 (lki—14) contains a still hotter (1,205 °C)
but more uniform glass, with 9.32 to 9.55 percent MgO. In both
samples, olivine phenocrysts are weakly zoned, in both normal and
reverse senses, and are consistently magnesian (Fog; 5 to Fogg )

Phase 6 is not represented here. Phase 7 (Iki—20) is, again, a
cooler phase (1,181 °C), though not as differentiated or olivine-poor

same grams. Grains in classes 1, 3, 4 and 5 are individually labeled. Arrows
pointing toward rim compositions emphasize the direction of zoning. For glass, the
small dots give the average MgO content of glass, from table 25.4, whereas the
bar indicates the total range of MgO content observed, for glass more than | mm
away from olivine.

as phase 3. The olivine population within the section is more diverse
than ever: Both normally and reversely zoned grains are present,
and the class 2 olivine exhibits a wide range of core compositions
(Fogy 5 to Fog; ). For the first time, however, the rim compositions
of the different grains converge toward a common composition, as
though they had been trying to equilibrate, either with each other or

with a common melt.
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TABLE 25.5.—Composition of olivine megacrysts and grains in dunitic aggregales from Kilauea Iki lava lake, 1959 Kilauea eruption

1 2 3 4 5 6 7 8 9 10
Sample KI-113 K167-2-87.9 KI81-1-181.5 K176-2-20.5 K18l1-1-238
type class | aggregate class 1 aggregate mosaic megacryst megacryst
Points in
analysis 3 1 2 1 5 1 7 1 4 3
§i0g-=---------— 39.61 37.53 39.82 38.14 38.52 37.87 39.70 37.18 39.68 38.8
[10g—~—--=-==—-==-= .00 .00 04 .07 .00 .00 .00 .01 .00 .02
Alp0g==---=---moom- .00 .00 04 .06 .00 .00 .00 .00 .00 .01
Crplg===mmmmmmmnnne .00 .00 .02 .03 .00 .00 .02 .00 .00 .00
FeQ=-=--=ceocea—— 11.93 21.95 16.20 24.83 19,54 23.26 12.88 25.08 14.12 18.19
NiQ---=-m—m - mm e 17 .04 - - .09 .11 +20 .11 W14 .02
MnQ=====em e e oo .17 .32 .15 .21 .28 .33 .19 .34 .18 .25
Mg0----==----===m= 47.03 39.47 43.62 36.74 41.79 38.55 46.49 37.17 45.29 42.30
Cal————mm s e 24 .24 .30 .28 .15 .17 .22 .20 .23 29
Nagl--=vomuem oo .01 .00 .05 .07 .01 .01 .02 .01 .02 .02
Total percent----99.16 99.55 100.24 100.43 100.38 100.30 99.72 100.10 99.66 99.96
Mol percent Fo 87.5 77.8 82.7 72.51 79.2 74.7 86.6 72.5 85.1 80.6
Location core rim core rim small rim of core rim core rim

grain, larger -
largest grain in large single center crystal
aggregate crystal of at edge of
mosaic  aggregate

Quenching o 0 ° o ° o
temperature ( C) 1090-1095 C 1090 C 1010-1030 C ~ 100 C 1135-1140 C

Only the sizes and textures of the aggregates and megacrysts may
preserve information relevant to the dynamics of the 1959 eruption.

DISCUSSION

The olivine phenocryst population in the 1959 eruption sam-
ples 1s very heterogeneous petrographically. It is somewhat more
uniform chemically, but zoning patterns are varied, with normally
and reversely zoned grains almost equally abundant in the popula-
tion analyzed. There is no correlation between petrographic class
and chemical composition. The petrographic and chemical charac-
teristics of this olivine phenocryst population vary from phase to
phase of the eruption, supporting a model of magma mixing and
progressive internal equilibration that will be advanced below.

Olivine in Kilauea Iki lava lake retains all of the textures seen in
the eruption samples. In addition to abundant olivine phenocrysts,
the lake contains rare olivine megacrysts and dunitic aggregates.
Though textures are stable for decades in the lake, chemical

composition is not. The lake olivines are all normally zoned, and
their cores may be relatively Fe-rich, because of continued exchange
of Fe and Mg with the melt during slow cooling of the lava lake.

Many features of this population of phenocrysts and aggregates
are unusual and bear on the dynamics of the 1959 eruption. These
features are (1) the presence of deformed olivine grains, (2) the
presence of dense olivine aggregates of complex history, (3) the
occurrence of rare olivines containing sulfide-bearing inclusions, (4)
the presence of reversely zoned and of oppositely zoned crystals in a
single thin section, and (5) the occurrence of resorbed olivine. The
significance of these will be considered in turn.

DEFORMATION FEATURES IN OLIVINE

Olivine with multiple planar extinction discontinuities extending
across the whole grain or with complex rectangular subgrains is
present in the 1959 eruption pumice and in Kilauea lki lava lake.
The grains occur singly, in small clusters, or in larger aggregates.
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Irregularly shaped, deformed crystals like this are common in
Hawaiian alkalic rocks (see, among others, White, 1966). Similar
kink-banded olivine, as isolated grains or in small clusters, has been
reported from many other localities as well (Blanchard and others,
1976; Imsland, 1984; Franas, 1985). The kink-banded olivines
are always among the coarsest grains present, as at Kilauea [ki. In
most of these occurrences, the deformed grains are all very forsteritic
(Fogg), which is not the case in the 1959 pumice. Most authors
consider the deformed olivine to be xenocrystic. Imsland (1984)
considers it (and the chromian diopside associated with it in the
ankaramites of Jan Mayen) to be mantle-level phenocrysts precipi-
tated from the ankaramitic parental liquid.

Extinction discontinuities, or rectangular subgrain boundaries
like those shown in figure 25.58, have been produced experimen-
tally in olivine at high temperatures and pressures (Raleigh, 1968;
Carter and Ave Lallemant, 1970; Raleigh and Kirby, 1970). They
form in olivine in a crystalline matrix, in response to non-hydrostatic
stress. As yet there are no studies that investigate the minimum
amount of interstitial melt necessary to prevent olivine from deform-
ing in this manner. Kink-bands do not form under hydrostatic
conditions, however; kink-banded crystals surrounded by melt (figs.
25.3, 25.4A-B) must have been deformed in a very different
environment.

Aggregates of deformed olivine are the most numerous class of
dense olivine aggregates in Kilauea Iki (table 25.2). The deformed
olivine in these aggregates is similar in size and petrographic
character to the isolated, deformed phenocrysts. It was suggested
above that the isolated class | crystals were produced by disaggrega-
tion of coarse, mildly deformed dunite like the seven dense, melt-
poor aggregates found in the lake. In fact, the literature on olivine
deformation virtually requires such an origin for any grain with
deformation features. Their depth of origin cannot be tightly con-
strained merely from the presence of deformation features, however,
as olivine deforms readily over a wide range of pressures and
temperatures. Nevertheless, minimum confining pressures of several
hundred megapascals, much higher than the 100 MPa (1 kbar) in
Kilauea’s summit reservoir, seem indicated (Carter and Ave Lalle-

mant, 1970).

DENSE OLIVINE AGGREGATES

Kilauea Iki lava lake contains several dense aggregates of
olivine, as discussed above. Most consist of coarse, mildly deformed
class | grains; others contain polygonal mosaics of unstrained olivine
(table 25.2). Neither of these types contains significant amounts of
basaltic melt, and where melt does occur, it appears to be the host
melt penetrating the aggregate, rather than being indigenous to the
aggregate. The mineralogy and textures of these aggregates are
matched by those of the dunite tectonite xenoliths that are so common
in Hawaian mafic alkalic rocks, whether from the Honolulu Vol-
canics {Jackson and Wright, 1970), Hualalai (Kirby and Green,
1970), Loihi Seamount (Moore and others, 1982; Roedder, 1983),
or elsewhere (White, 1966; Jackson, 1968). Similar textures occur
in other types of olivine-rich xenoliths and in alpine peridotite (see,

VOLCANISM IN HAWAII

for example, Mercier and Nicolas, 1975; Mercier, 1979). Textures
like those seen in the coarse, mildly deformed aggregates of table
25.2 are considered by these authors to be produced by plastic
deformation in the upper mantle, the polygonal mosaics by
recrystallization of deformed grains and subsequent annealing. It
seems possible that the textures of the Kilauea Iki aggregates were
produced the same ways.

The olivine in the dunite tectonite xenoliths from Hawaiian
alkalic rocks are more iron-rich than the olivine in most peridotite.
Jackson and Wright (1970) give Fog; 5 54 and Sen (1983) gives
Fogy_g, for the olivine in the dunite xenoliths in the Honolulu
Volcanics, while White (1966) reports Fogg g4 for all dunite
xenoliths from the Hawaiian Islands. This range is similar to the
range of compositions seen in class 1 olivines in the pumice samples
(Fogg 7.55) and to the core compositions seen in the dunitic
aggregates in the lake (Fog; 5_g3). However, the same compositional
range is observed for other classes of olivine phenocrysts in this
eruption (fig. 25.9A) and for olivine from other Hawaiian tholeiite
(Maaloe and Hansen, 1982; Basaltic Volcanism Study Project,
1981).

The origin of these relatively iron-rich dunite tectonites has
been controversial. Their compositions and the fact that they tend to
occur in lavas that have come up near the central conduit of tholeiitic
shields (Jackson and Whight, 1970) suggest a relationship with the
tholeiitic series, even though the dunite is normally found in alkalic
rocks. They have been considered to be residual (Jackson and
Wright, 1970) cumulates from shallow crustal magma chambers
(Sen, 1983) or perhaps from the mantle (Wright, 1984), or
metamorphic mantle rocks of indeterminate origin (Kirby and
Green, 1980) None of these ideas explains simultaneously (1) the
iron-rich olivine compositions identical to those of tholeiitic phe-
nocrysts, (2) the general scarcity of minerals other than
olivine + chromite, and (3) the absence of cumulate textures and the
ubiquity of deformed or annealed textures in this rock type.

The model favored here is that the dunitic inclusions in the
1959 lava are cumulates from tholeiite, as suggested by Sen (1983)
and Wright (1984), but that they precipitated on conduit walls at
mantle and deep crustal levels, rather than in shallow crustal
reservoirs. heir composition suggests they are cumulates from
tholeiite, and their limited mineralogy suggests they formed in a
thermally buffered environment. Heating of the conduit wall, by
frequent passage of tholeiitic liquid, seems more likely to forestall
precipitation of interstitial pyroxene and other minerals than periodic
replenishment of more isolated, shallow crustal reservoirs. Also, the
occurrence of similar dunite inclusions in summit lava of the very
young volcano Loihi suggests that they start forming early in the
development of the tholeiitic shield, and that at that stage they are
already located very near the main conduit. Lastly the rarity of
undeformed representatives of this type implies they come from an
environment where low melt fractions and a plastic response to non-
hydrostatic stress are the norm. These conditions are not likely to be
met in shallow magma chambers. In this model, megacrysts like
those found in Kilauea Iki would be presumed to form in melt-rich
pockets along the conduit wall. Disruption of these pockets by a



25. OLIVINE TYPES IN LAVA OF THE 1959 ERUPTION OF KILAUEA VOLCANO

later batch of magma would then incorporate the megacrysts into a
magma capable of erupting.

By contrast with these dunite tectonites, the cumulate-textured
xenoliths described by Jackson (1968) are much more likely candi-
dates to be cumulates from crustal magma chambers of the sort
visualized by Sen (1983). This suite contains minor dunite. Most of
its representatives contain appreciable pyroxene and plagioclase, as
well as olivine, in contrast to the dunite tectonites, which rarely
contain other minerals. Also, the members of this suite, including its
rare dunite, were described by Jackson (1968) as exhibiting no
deformation features.

An alternate way of producing Fe-rich dunite tectonite might
be to have the spinel-lherzolite, typical of the Hawaiian upper
mantle away from tholeiitic conduits (Jackson, 1968; Jackson and
Whight, 1970) react completely with passing tholeiitic iquid, remov-
ing pyroxene and changing the composition of the remaining
olivine + chromite. Whatever path was followed, it seems likely that
the iron-rich, deformed dunite is produced at upper mantle or deep
crustal levels, in the immediate vicinity of the tholeiitic conduit. The
geochemistry of the included rare gases in some dunite tectonites is
MORB:-like (Kaneoka and others, 1983; Rison and Craig, 1983),
which suggests they are associated somehow with the oceanic
lithosphere that underlies all Hawaiian volcanoces, or at least, that
they may have exchanged the isotopes with such material. The
isotopic composition of the 1959 dunite samples is unknown, but
after months or years of storage in the lake, they will not be pristine
in any case.

The questions then arise of how the dunite is deformed, and
what the timing of the deformation is, relative to the time of eruption.
Mercier (1979) compared textures of xenoliths in kimberlite with
experimentally observed rates of recrystallization for deformed
olivine and concluded that at 1,400—1,600 °C the deformation
textures, especially in kink-banded paleoblasts, would be entirely
recrystallized within hours or days. For those xenoliths, he suggested
that the textures must have been produced by the host kimberlite
itself, as it moved through the mantle to the surface.

In the present case, it has been observed that deformed olivine
grains have persisted for 22 years in the lava lake at 1,140-1,190
°C. The expected temperatures in the upper part of Kilauea’s
conduit and in the deeper parts of the shallow reservoir are probably
1,250-1,350 °C, based on estimates of parental MgO contents by
Wright (1984) and the resulting liquidus temperatures suggested
from the calibration of Helz and Thornber (in press) At these
temperatures, the deformation features observed in single grains and
in aggregates would be expected to survive for days to years, but
beyond that their age cannot be constrained, as there are no data on
static olivine-annealing rates in the temperature range of interest.
Consequently, it is not possible to say that all of the deformation
features seen in the 1959 olivine were produced by the host magma;
at these lower temperatures, some may have been produced in earlier
deformation events. Indeed the localization of chromite at grain
boundaries in some aggregates where the coarsest olivine still
contains deformation features (fig. 25.7C) may indicate that these
aggregates have been subject to repeated deformation.
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Nevertheless, the absence of primary igneous (cumulate) tex-
tures supports the idea that the dense aggregates come from an
environment where deformation is almost unavoidable during sam-
pling by the host, if not before. Furthermore, the scarcity of strongly
deformed olivine or olivine aggregates in most Kilauea lava, includ-
ing very olivine-rich shallow intrusives like the Uwekahuna laccolith,
suggests that these dense aggregates have not formed in the shallow
reservoir and do not survive there indefinitely. The more abundant
glomerocrystic clusters of oriented, undeformed olivine, like that
shown in figure 25.5A—B, are more likely representatives of olivine
cumulates from Kilauea’s shallow reservoir. The dense, deformed
aggregates must have come from much deeper parts of Kilauea’s
plumbing.

The presence of two annealed aggregates (KI167.2—-87.9b
and KI81-1-181.5) containing no deformed grains complicates the
picture somewhat. Their textures reflect prolonged thermal annealing
in a hydrostatic environment. If the deepest parts of the conduit
sampled are characterized by extremely low melt fractions and non-
hydrostatic stress, these two aggregates must have been annealed at
higher levels, suggesting that they were relatively high in the plumb-
ing for some time prior to eruption.

SULFIDE-BEARING OLIVINE

Sulfides are rare in Kilauea basalt. They have been found
included in, or associated with, ilmenite and titanomagnetite sepa-
rates from differentiated rift lava (Desborough and others, 1968).
They also occur as immiscible blebs in glass or as inclusions in augite
in early scoria of the 1977. eruption (Moore and others, 1980), and
as a late phase in mterstitial liquid in Alae lava lake (Skinner and
Peck, 1969) and in Kilauea Iki lava lake (R.T. Helz, unpub. data,
1985).

This paper reports the first known occurrence of sulfide in
Kilauea summit lava. In the 1959 samples, it occurs in olivine as one
phase in swarms of inclusions, which consist otherwise of chromite,
glass, and vapor. This occurrence is very similar to the occurrence of
sulfide as inclusions in olivine in the dunite xenoliths from Lothi
(Roedder, 1983). Such grains and aggregates are very rare in the
1959 lava, and it was suggested above that they all came from the
same limited source region.

The question is, where is that source? Sulfide is stable as a
separate phase only at appropriate combinations of temperature,
silicate melt composition, and sulfur and oxygen fugacities. The
occurrence of sulfide as inclusions in some olivine phenocrysts
demonstrates that the necessary combinations exist, at least locally,
but the scarcity of sulfide-bearing melt inclusions in the 1959 and
other summit lava suggests that the conditions are rarely met. It is
known that melt composition and oxygen fugacity of Kilauea lava
vary within rather narrow Limits (Wright, 1971; Anderson and
Wright, 1972). To the extent that magma temperatures of the 1959
lava were higher than most summit eruptions, the lava would be less
likely than most to contain sulfide. One can conclude, therefore, that
the sulfur fugacity was, at least locally, higher than usual. Recent
studies of gases emitted from the summit area of Kilauea Volcano
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show a tremendous flux of magmatic gas (CO,, SO,), which is lost
from stored magma even between eruptions (Greenland and others,
1985; Gerlach and Graeber, 1985). Most melt inclusions in olivine
are sulfide-free, suggesting that the melt in the summit reservoir
generally contains much less sulfur than would be required to
stabilize a separate sulfide liquid. It seems likely, therefore, that the
sulfide-bearing inclusions formed at greater depth than the other melt
inclusions, either in the lowest parts of the summit reservoir or
deeper. Geobarometry on the sulfide-bearing olivine, using the
methods of Roedder (1983) or Harris and Anderson (1983), might
help constrain the depth of origin of these and other olivine
xenocrysts. | he observations that the sulfide-bearing, inclusion-rich
olivine almost never contains deformation features and that aggre-
gates of such olivine tend to be less densely compacted (fig. 25.7D)
than the deformed olivine aggregates are compatible with the idea
that class 5 olivine is derived from higher levels than the deformed
class 1 olivine and the dense aggregates. The presence of sulfide-
bearing inclusions in one of the annealed aggregates (shown in fig.
25.8A-B) suggests that this particular aggregate was stored and
annealed at a level close to the source of the other sulfide-bearing
olivine, though this very dense aggregate may have originated at still
greater depths.

SIGNIFICANCE OF OLIVINE ZONING IN THE ERUPTION
PUMICE

A complete evaluation of olivine zoning in the 1959 lava must
wait on the availability of detailled compositional profiles of the
olivine. However, the isolated point analyses presented here are
sufficient to characterize the nature and extent of zoning and its gross
variation with time during the eruption.

The most curious feature of the olivine zoning is the presence of
a substantial number of reversely zoned crystals. Mechanisms for

producing reverse zoning in olivine include magma mixing and

decompression at constant temperature. Crystals entrained in a
hotter magma might develop more magnesian rims eventually, but the
usual effect in the 1959 lava is partial resorption. Some of the
reversely zoned crystals in the 1959 lava are perfectly euhedral (fig.
25.4C) and show no sign of resorption or any other kind of hiatus in
crystal growth, suggesting that some other mechanism is involved.
‘The analysis of van Kooten and Buseck (1978) suggests that reverse
zoning in olivine forms when a water-bearing melt, saturated with
olivine, undergoes isothermal decompression. This results in an
increase in oxygen fugacity, an increase in the Fe+3/Fe* 2 ratio, and
hence an increase in the Mg/Mg+ Fe™* 2 ratio in olivine crystallizing
from the melt. Their calculations showed that forsterite content
would increase 3—5 percent for a 200-Mpa (2 kbar) drop in
pressure, at 1,000 °C, for a melt containing 2.5 weight percent
H,O. The pressure effect in a dry magma has been determined by
Takahashi and Kushiro (1983) and is much smaller: if Kilauea
magma were completely dry, a 3 percent reversal in Fo content
would record 2,500 MPa (25 kbar) of isothermal decompression.
The amount of water in Hawaiian tholeiite is of the order of
0.3-0.6 weight percent H,O (Moore, 1965), so a pressure drop
of between 200-2,500 MPa (2—-25 kbar) would be required to
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produce the maximum reverse zoning seen in the 1959 eruption.

The question arises as to what stage of decompression might be
recorded in the reversely zoned phenocrysts. Every crystal in the
eruption pumice was moved from the level of Kilauea’s shallow
reservoir, which is 2—6 km below the summit of the volcano (Eaton,
1962; Ryan and others, 1981), to the surface, and so has undergone
a pressure drop of roughly 100+50 MPa (1 0.5 kbar). If this
were sufficient to produce detectable reverse zoning, then all phe-
nocrysts would be reversely zoned; in fact, only some of them are
(see figs. 25.9B, 25.11). Furthermore, the number of reversely
zoned olivine grains and the extent of reverse zoning tended to
decline as the eruption progressed (fig. 25.14A—B). The trends are
irregular but suggest that the reverse zoning is neither stable n
shallow storage nor being produced there. Those olivine grains
showing pronounced reverse zoning were probably brought up by
the 1959 magma from below the level of the shallow reservoir.

Another question of interest is, how long could the variable
zoning seen in the eruption samples last before internal equilibrium
would be restored? Detailed calculations for each sample are beyond
the scope of this paper, but the calculations of Maaloe and Hansen
(1982) suggest that the time interval is between a month and a year,
for zoned margins typically 10-30 wm thick. This is compatible
with the observations that (1) the kind of zoning changed, and
internal equilibrium in the eruption samples increased perceptibly
over the 5-week period of the eruption and (2) shallow lake samples
quenched as little as 9 months later show only strong normal zoning,
of a sort rarely seen in the eruption samples. Thus many of the
olivine grains from eruption pumice analyzed here were quenched
within weeks, or at most a few months, of the time their zoning was
produced.

SIGNIFICANCE OF RESORBED OLIVINES

Partial resorption of olivine is widespread in the 1959 eruption
pumice and has been noted by previous workers (Richter and
Murata, 1966). Resorption textures, including cuspate margins like
those shown in figures 25.4A, D have been produced experimentally
by Thornber and Huebner (1985); these are not simply unusual
growth forms. This resorption occurs in samples quenched from
1,160-1,217 °C (see table 25.4), far above the incoming of
pigeonite, which lies at 1,090-1,100 °C in the 1959 lava (Helz and
Thomber, in press; unpub. data, 1985). Consequently, the resorp-
tion cannot be the result of a reaction relationship between olivine
and liqud.

As discussed above, about 30 percent of the olivine grains
analyzed from eruption samples are partly or completely enclosed in
a sheath of glass significantly less magnesian than glass elsewhere in
the same section. Glass next to resorbed edges is significantly less
magnesian than glass next to euhedral parts of the same grain. That
these MgO-depleted glass sheaths are not produced by quench
overgrowths in olivine seems clear from the fact that 70 percent of
the olivine grains are bordered by glass identical in composition to
glass farther away from olivine.

These observations suggest that the resorption was produced
as follows: Olivine crystals from a cooler part of the magma
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FIGURE 25.14.—Occurrence of reversely zoned olivine in 1959 eruption samples.
A, Frequency of occurrence of reversely zoned crystals in 1959 eruption pumice,
as a fraction of the total number of analyzed crystals, plotted against time of
eruption. Points are labeled with the number of phase in which the sample was
erupted. B, Maximum observed reverse zoning (as difference in mol percent Fo
between core and rim) observed in 1959 eruption pumice, plotted against time of
eruption, Samples containing no reversely zoned crystals plot on abscissa. Phase
numbers as in figure 25.14A.

chamber were swept up in hotter, more mobile liquid. A thin layer of
less magnesian, cooler, and hence slightly more viscous liquid moved

with the crystals. (This layer might tend to gradually slough off the
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leading edge of the grain as it moves farther into the hotter liquid.)
Thermal equilibrium between the new host and the crystal with its
liquid boundary layer was established very rapidly (within minutes),
at which point the melt in the boundary layer was superheated and
no longer in equilibrium with olivine of any composition. The melt
began to resorb the adjacent olivine, stopping when equilibrium was
reached, that is, when the composition of the adjacent melt was
equal to that of the rest of the melt. Once equilibrium was attained,
the resulting odd-shaped grain persisted for decades without healing
of the resorbed surfaces.

This model explains not only the occurrence of local resorption
in olivine, but the fact that resorption is independent of rim
composition or style of zoning. Of the 15 grains or clusters in low-
MgO glass, 6 are normally zoned, 5 are unzoned, and 4 are
reversely zoned. Rim compositions ranging from Fogg o to Fogg 7
have all been resorbed. This model also explains the occurrence of
resorbed edges on 19 grains for which no compositionally distinct
glass rims were found but which nevertheless show at least local
resorption. Under this model, these would have had MgO-poor
boundary layers at one time, but chemical equilibrium within the
melt was re-established prior to quenching of the sample. The
widespread occurrence of partial resorption of olivine in the 1959
samples implies that mixing of thermally disparate magmas was very
common during the 1959 eruption.

These results have implications that may be important in other
areas. First, resorption does not necessarily indicate that a given
crystal is xenocrystic to the magma system. Second, one must be
wary about calculating crystal-liquid distribution ratios in systems
where magma mixing may have occurred, even where the glass is
uniform in color, unless the glass has been thoroughly checked for
chemical uniformity.

MODEL FOR THE 1959 ERUPTION

The physical processes preceding this eruption have been
described by Eaton and Murata (1960), Eaton (1962), and Eaton
and others (Chapter 48). In the late 1950%, seismic activity at
Kilauea included intermittent swarms of deep (45—60 km) earth-
quakes. A minor swarm occurred in January 1959. The summit was
inflating during the January swarm, and continued to do so there-
after, but subsided again between May and August 1959. This long
period of subsidence was followed by an intense deep earthquake
swarm on August 14—19. Reinflation of the summit began in late
September and continued until the outbreak of the eruption on
November 14, 1959 (Eaton and Murata, 1960, fig. 7). Other
precursory seismic activity included weak harmonic tremor at depths
of 5—15 km, presumably resulting from upward migration of magma
in the conduit. Beginning in September, shallow earthquakes
occurred in the northern part of the caldera. These were numerous,
but very small until November 14, just before the eruption. The
seismic and tilt data combined to give a picture of magma, originat-
ing at 45—60 km, migrating upward and becoming lodged slightly
to the north of Halemaumau, prior to triggering an eruption. The
overall magma path was not unlike that outlined in Ryan and others
(1981) for the period 1961-1974 at Kilauea. The 1958-1960
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period was exceptional, however, in having earthquakes at 45—60
km; such deep earthquakes have not been seen since. Also, the
intense swarm of tiny earthquakes seen only on the north pit
seismograph (Eaton, 1962; Eaton and others, chapter 48) are
unique to the 1959 eruption.

Neither Eaton and Murata (1960) nor Eaton (1962) states
specifically that the lava erupted in November and December 1959
included any of the magma liberated during the August earthquake
swarm. It was not at first evident that this might be so, as can be
seen by considering the usual pattern of magma storage in the summit
reservoir (see Whight, 1971; and Wright and Fiske, 1971).

In these papers, it was shown that summit lava, though olivine
controlled (Powers, 1955), typically lies at the olivine-depleted end
of the olivine control line; that is, it contains minor phenocrystic
olivine but has no fractionated augite or plagioclase. Variation in the
amount of olivine, as observed in the 1959 eruption, was considered
to be achieved by tapping different levels of a magma reservoir that
was olivine-rich at the bottom and melt-rich at the top (Murata and
Richter, 1966b; Wright, 1971).

In addition to varying in olivine content, the summit lava
exhibits batch-to-batch compositional differences unrelated to olivine
control. Different batches are chemically distinctive, some being
unique, and can be followed through the volcanic plumbing. Wright
and Fiske (1971) presented evidence that magma batches erupted at
the summit in the 1950's and 1960's had appeared in flank eruptions
1-6 years earlier. They inferred that (1) magma batches arriving at
the summit reservoir do not mix with each other in storage; (2) flank
eruptions tap lower levels of the reservoir than summit eruptions do;
and (3) summit eruptions usually tap magma that has been in storage
in the shallow (2—4 km) reservoir for years, or even decades, prior
to eruption.

Wright and Fiske (1971) recognized the 1959 eruption as
exceptional in that neither of its two component magma batches (3a
and 3b in the terminology of Wright and Fiske, 1971) had ever
appeared in flank lava or as major eruptions in Halemaumau. In
particular, the 1960 Kapoho eruption, which immediately followed
the 1959 summit eruption, was not related chemically to the summit
eruption. The picture of the summit reservoir that emerged from this
work was of a highly compartmentalized magma storage zone, like
that shown by Fiske and Kinoshita (1969), such that even closely
spaced eruptions might drain completely unconnected parts of the
reservoir. This draining of discrete reservoirs has been demonstrated
to occur at Kilauea during other time periods as well, including
1967—-1969 (Dvorak and others, 1983) and 1972-1973 (Ryan
and others, 1983). The isolation of the 1959 magma from all other
parts of Kilauea's reservoir that were active from 1955 to 1965 led
Whight and Fiske to hypothesize that the 1959 magma occupied
chambers “separated from the main conduits of the central reservoir”
(Whright and Fiske, 1971, p. 54).

Other exceptional features of this eruption, besides its unusual
seismicity, chemistry, and inferred deviant path to the surface,
include its having (1) the highest lava fountains observed at the
summit (580 m, or 1,900 feet, observed December 17, 1959); (2)
the hottest eruption temperatures ever measured (1,192 °C on
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December 5, 1959); and (3) the most magnesian glass recovered for
a historical Kilauea eruption. In addition, the pumice blanket
produced during phase 3 is unusual in a historical Kilauea summit
eruption. (All data is from Richter and others, 1970.) Thus, at
least some of the 1959 lava was hotter and more gas-rich than
typical Kilauea summit lava.

This paper has presented evidence that the 1959 lava contains
material that appears to have originated below the level of the
shallow reservoir. This includes (1) deformed olivine grains, singly
and in aggregates, (2) aggregates of thermally annealed olivine, and
(3) olivine megacrysts. Such materials are common in Hawaiian
alkalic lava, but rare to absent in subaenal tholente, from Kilauea
and elsewhere in Hawaii. In addition, the 1959 eruption contains
rare olivine with sulfide-bearing inclusions and olivine with signifi-
cant reverse zoning, neither of which appear to be produced in
Kilauea’s summit reservoir.

The unusual features of this eruption would be most easily
explained if one of the two magmatic components erupted was the
same magma that was liberated during the August earthquake
swarm and reached the base of the shallow reservoir in late
September. The hypothesis is that at that point the magma followed
a seldom-used path to the north of the main reservoir (that is, the
reservoir as located in Fiske and Kinoshita, 1969, and Ryan and
others, 1981), encountering an older batch of stored magma. It
broke through this older chamber to the surface on November 14,
bringing some of the stored magma with it. The unusual features of
the eruption are considered to be a direct consequence of the
presence of the juvenile component.

THE MODEL AT MANTLE LEVELS

Kilauea tholeiite may originate as highly magnesian (=20
percent MgO) melt and fractionate appreciably, to MgO contents
of 13—14 weight percent, enroute to the surface (Whight, 1984).
The average MgO content of the 1959 eruption has been estimated
as 15.43 percent (Wright, 1973) and hence is closer to the primitive
melt than to the hypothesized parental one. Can this inferred
differentiation from 20 to 15 percent MgQO be made compatible with
the apparent presence in the 1959 Kilauean lava of possible mantle-
level material?

The answer to this potential contradiction is implicit in the
theoretical model for the migration of fluid-filled cracks, as
developed by Stevenson (1983), modifying earlier work by
Weertman (1971a,b). In Stevenson’s model, material from the lower
end of the rising packet of fluid precipitates to close the crack below.
In fact, healing the crack in this fashion is essential to migration of a
discrete packet of melt. All that is necessary for a Kilauean tholeiite
to contain mantle or deep crustal material and to differentiate is that
the amount of material precipitated to seal the crack at the lower end
exceed the amount picked off the walls at the upper end of the body
of melt.

This model of crack migration dovetails with the hypothesized
origin for the iron-rich dunite xenoliths proposed above. The dunite
would correspond to this crack-healing material, because, for
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TaABLE 25.6.— Calculated settling velocities of olivine phenocrysts and aggregates
in Kilauea ki lava lake, assuming Newtonian behavior

Particle radius

(cm)

Settling velocity
(cm/s)

For viscosity 150 P, pressure 0.1 MPa (1l bar)

0.25 0.16
0.5 0.65
1.0 2.6

tholeiite, the precipitate would be olivine +chromite. The exact
composition of the olivine would vary slightly with depth, as the
migrating melt fractionated enroute to the shallow reservoir. The
deformation observed in the dunite xenoliths would be produced as
the leading edge of a melt packet opened the crack, by analogy with
the process Mercier (1979) inferred for deformed olivines in
xenoliths in kimberlite. Because the Kilauea conduit is re-opened at
frequent intervals, however, it is possible that some of the deforma-
tion observed in the dunitic aggregates was produced by an earlier
packet of melt, not the host magma.

MAGMA ASCENT RATE

If the hypothesized model for the 1959 eruption is correct, we
can calculate the average ascent velocity of the new magma package.
To travel from depths of 45—60 km to the surface in the period from
August 14—19 to November 14, the magma would have to move at
0.58-0.77 cm/s. This is compatible with ascent velocities for fluid-
filled cracks, estimated by Stevenson (1983) to be 0.1-10 cm/s. It
falls at the extreme low end of the range of ascent velocities Spera
(1984) cites for xenolith-bearing lava (10—2 m/s to 30 m/s).

Is this velocity fast enough to entrain the largest objects found
in the lake? Table 25.6 presents the results of calculating the Stokes’
law settling velocities of olivine in basalt, for objects of different
sizes. The first set of results is for a wviscosity typical of very
magnesian basalt at 0.1 MPa (1 atmosphere), the second set for the
lower viscosity that the same melt would have at 1,500 MPa (15

kbar). Both viscosity estimates are taken from Kushiro and others
(1976). The calculated settling rates for the largest particles found,
which have average radii between 0.5 and 1.0 cm, would be
0.21-0.85 cm/s at low pressures and 0.65-2.6 cm/s at the high
pressure limit. Non-Newtonian effects were neglected, on the
assumptions that (1) much of the olivine phenocryst load (the very
numerous class 2 olivine crystals and open aggregates) in the 1959
lava was in fact picked up from the lowest part of the older, stored
magma, in Kilauea’s summit reservoir and (2) the lava did not
vesiculate until it was well up into the crust. The calculated
Newtonian settling velocities are maximum values; to the extent that
the magma was non-Newtonian, settling velocities would be lower,
and the magma could more easily retain the larger olivine and olivine
aggregates.

The calculated settling velocities are close to the average ascent
velocity inferred above. If the eruption model is correct, this
agreement means that the juvenile component was moving just fast
enough to entrain the largest olivine and olivine aggregates found. It
implies, further, that no significantly larger dunite inclusions will be
found in the lake and that the magma never stopped moving from the
time it picked up the aggregates until it began vesiculating, when
non-Newtonian behavior took over. These deep-seated ascent rates
are irrelevant to near-surface processes such as venting, fountaining,
and so on, which involve the presence of a gas phase (see Eaton and
others, chapter 48), resulting in strongly non-Newtonian behavior.
The ability of the lava to entrain olivine in the shallow chamber was
a function of magma discharge rate (Murata and Richter, 1966b);
this rate increased during eruption, as the magma became more non-

Newtonian (Wadge, 1981).

OLD VERSUS NEW MAGMA

It remains to be established which of the two recognized mixing
components of the 1959 eruption was stored, old magma and which
was the more juvenile. Early on it was noticed that the lava erupted
from the east end of the initial fissure (Iki—58, or S—1 of Wright,
1973; or 3b of Wright and Fiske, 1971) was enriched in an augite-
like component relative to west-end lavas (Iki—1 or S-2, or magma
3a). Murata and Richter (1966a) hypothesized that the former lava
was derived by settling of augite phenocrysts into hotter parts of the
magma chamber, where they were redissolved to give the east-end
melt compositions. Calculations by Wright and Fiske (1971) sup-
ported this observation, though Whight (1973) noted that the
implied physical model was very complex.

There are three problems with this augite-resorption hypoth-
esis. First, it would require both components to be stored magma,
rather than one stored and one juvenile, for if the Iki—-1 (5-2)
parent were not a stored component, the apparent relationship tested
by the calculation would not exist, and the calculation would be
meaningless. Second, the amount of augite (6 percent, Wright,
1973) required by the calculation is so small that the calculation
cannot distinguish with certainty between low-pressure and high-
pressure augite. Lastly, there is no petrographic evidence, in the
form of phenocrystic augite, for the process. The tiny augite crystals
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FIGURE 25.15. — Proportion of S—1 magmatic component present in various 1959
eruption samples (taken from Whight, 1973) plotted against date of eruption. The
mixing components used by Wright (1973), namely samples Iki-58 (S—1) and
Tki—1 (5-2), plot at 1.0 and zero respectively. Numbers by points identify the
phase of the eruption.

in the initial eruption samples are not phenocryst-sized and are
almost always associated with plagioclase. This is a problem
because plagioclase is not required by the calculation, and augite
could not be readily separated from plagioclase by flow differentia-
tion of the sort described by Whight (1973). Careful search for
augite phenocrysts in the lake, including samples of foundered crust
and of the basal chill zone, has failed to uncover any phenocrystic
augite, resorbed or otherwise; nor does augite occur as an inclusion
in olivine in any eruption sample.

Another line of evidence that must be considered is shown in
figure 25.15, which plots the change in mixing ratio found by Wright
(1973) against time (see also Wright, 1973, fig. 3). Early phase 1
lava is disproportionately rich in S—1 (Iki—58, the east-end compo-
nent), later phases richer in S—2 (west-end). This might be inter-
preted as showing that stagnant S—| magma was pushed out first, as
the chamber was flooded by new, hot S—2 magma.

However, three other lines of evidence favor the east-end lava
(Iki—58 or S—1 or 3b) as the new component, with the west-end
lava the stored component. The first is the recognition of Wright and
Fiske (1971, p. 54) that the brief 1954 Halemaumau eruption was
of west-end (their 3a) type. Thus, west-end lava had been in
storage near the surface for five years prior to 1959. Second is the
occastonal recurrence of the west-end component in almost pure
(>90 percent) form after the initial curtain of fire shrank to a single
vent on November 15. Figure 25.15 shows that the late phase | and
phase 3, and early phase 4 samples are pure, or nearly pure west-
end (S—2) material. The east-end component is never seen in pure
form, except of course in the type sample Iki—58, where its purity is
a matter of definition only. This pattern is more compatible with
east-end material being the newer material, seen only as it filters
through older, stored magma.

The last piece of evidence that the east-end component may be
the more juvenile is shown in figure 25.16, which shows the
correlation between the amount of S—1 (east-end) material and
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FIGURE 25.16.—MgO content of the glass (weight percent, left side) and
estimated glass quenching temperature (right side) plotted against the fraction of
S—1 component present for all samples erupted after November 17, for which both
a bulk analysis and a glass analysis are available.

MgO content in glass (which covaries with temperature), for erup-
tion samples from November 18 on. The more S—1, the hotter the
sample, with the exception of Iki—32 from phase 15. This suggests
that the S—1 component was consistently hotter than S—2 melts,
hence probably more juvenile.

If one accepts that S—1 is the new and S—2 is the stored
component, the above interpretation of the data in figure 25.15 must
be revised. Instead of old magma being pushed out first, the new,
more fluid magma must have streamed through the more stagnant
material, to be erupted first. The stored magma was more prominent
in later phases because it was remobilized by picking up heat and
perhaps gas bubbles, from the newer, gassier material.

ERUPTION CHRONOLOGY

Using the above model and the data presented in this paper,
the 1959 eruption can now be described in terms of progressively
more intimate intermingling and internal equilibration of two separate
types of olivine tholeiitic magma, a previously stored component and
a new component that originated at 45—-60 km depth and began its
ascent in the August earthquake swarm.

The initial eruption fissure broke open along the south side of
Kilauea Iki pit crater on November 14, 1959. Iki-1 (or S-2) was
erupted at the west end, while Iki—58 (or S—1) was erupted at the
east end. Initial samples of both components were relatively cool and
differentiated, with a sparse population of class 2 olivine. Iki—58 is
slightly hotter than Iki—1, however, and contains more phenocrystic
olivine, including at least one reversely zoned grain (fig. 25.11), all
features consistent with its being the new component. From
November 14 to 17, lava continued to be dominantly east-end
material (fig. 25.15), but gradually got hotter. On November 18,
the hottest known sample, lki-22, was erupted. This sample
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contains a complex olivine assemblage that includes the most exten-
sive reverse zoning found (tables 25.1, 25.3; figs. 25.11 and
25.14B).

No samples from November 19 have been analyzed, but by
November 20, the lava being erupted was very nearly pure west-end
material, though quite olivine-rich (fig. 25.15). The first such
sample, Tki—44, contains a cooler glass than Tki—22, but the olivine
is more magnesian and weakly zoned. Kink-banded olivine is
present, but the banding is very faint, as the amount of deformation
is slight. Compositionally, all the olivines appear to be in equilibrium
with each other and (or) in equilibrium with a common melt. Such
olivines might have come from the lowest (hottest) part of the west-
end magma chamber.

A later sample from phase 1, Iki-7, is similar to Iki-44 in
temperature in melt composition, and in the character of its class 1
olivines, but contains reversely zoned euhedral (class 2) olivines that
are probably juvenile. Iki—7 also contains fragmental (class 4)
olivine. Phase 2 (Iki—11) is slightly hotter and richer in the east-end
component than lki—44 and [ki—7. It contains the first normally
zoned class 1 olivine found, the first sulfide-bearing class 5 olivine
known, and more reversely zoned class 2 olivine. Clearly more new
material was being tapped; the greater heterogeneity of the glass in
Iki-11 (hg. 25.11) suggests that this mixing was very recent.

Phase 3 (Iki—9) was so extremely gas-rich that very little of it
got into the lake; instead, it formed a pumice blanket downwind of
the vent (Richter and others, 1970). It is pure west-end matenial,
though slightly hotter than Iki—1 (S—2). Presumably this phase was
derived from the gas-charged, differentiated upper part of the west-
end magma chamber. The only puzzling feature of this phase is why
this material did not erupt in phase 1. Two possible explanations are:
(1) It came from an isolated cupola that was not breached by the
imtial fracture, or (2) the extra gas was derived from the new
magma, which, after it had accumulated in a layer of differentiated
west-end material near the roof, blew that material out as phase 3.

Early phase 4 lava was similar to that of phase 3. Later
samples, like Iki—13, were much hotter (1,196 °C, table 25.4) and
richer in east-end component (fig. 25.15) and olivine. The glass in
Iki—13 is uniquely heterogeneous (fig. 25.11), suggesting that it was
produced by very recent mixing of two components. Phase 5
(Tki—14) was hotter still (1,205 °C), but its glass is homogeneous, as
though the disequilibrium of the Iki—13 mixing event had begun to
dissipate. Both of these samples contain a complex assemblage
(table 25.1) of very magnesian olivine (fig. 25.11) that shows little
zoning. The combination of a change in mixing ratio of S—1 and
S-2 (hg. 25.15), and the increase in temperature suggest that new
material was fed into the base of the S—2 chamber about December
5. The presence of fragmental (class 4) olivine in these samples,
presumably produced by brittle failure (shallow diking?), is com-
patible with this suggestion. The fact that both S—1/S-2 mixing
ratios and glass quenching temperatures vary rather little after phase
5 suggests that this was the last significant influx of new material into
the part of the chamber that was feeding the eruption.

Phase 7 (Iki—20) marks the reappearance of cooler lava
(1,181 °C, see table 25.4). It also marks the first appearance of (1)
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very diverse, non-overlapping core compositions within a single
sample, and (2) convergence of clivine rim compositions from those
very different cores toward a common rim composition. Earlier
eruption samples, though exhibiting great diversity of zoning pattern,
generally included only a narrow range of core compositions in
classes 1, 3, 4, and 5 (taken together) and class 2 (see fig. 25.11).
From phase 7 through phase 16, by contrast, one or both of these
olivine groups include very varied phenocryst cores within a single
thin section. These varied cores must have formed nitially in
different parts of the magmatic plumbing. Hence, their close
juxtaposition in the later samples is evidence for increasingly intimate
commingling of all parts of the active magmatic system. The
convergent zoning suggests that this mingling resulted in accelerated
internal equilibration of the samples. Rapid fine-scale mixing was
possible because both components were basaltic and quite fluid, with
only minimal viscosity contrasts.

Phases 8 and 9, represented by lki-21 and Iki-24, include
the last evidence for new material entering the actively erupting part
of the chamber. They contain (1) the most magnesian olivine
observed; (2) the only class | olivine with significant reverse zoning
other than those in Iki-22 (figs. 25.11, 25.14B); and (3) the latest
known fragmental olivine (table 25.1). The thermal perturbation at
the onset of phase 8 (1,197 °C, compared with 1,181 °C in phase 7)
is smaller than that at phase 4 (1,196 °C vs. 1,154 °C in phase 3),
and Iki—24 (phase 9) is cooler still, rather than hotter, as Iki—14
(phase 5) was. This suggests that the amount of new material
introduced was rather slight and may simply represent more thor-
ough in-mixing of the deepest part of the chamber. On the other
hand, these observations do agree with evidence presented by Eaton
and others (chapter 48) that the magma reservoir was being intruded
by new magma from the end of phase | through phases 8 and 9.

Subsequent samples from phases 10, 15, and 16, show some
variation in the S—1/S-2 ratio but no thermal perturbations,
suggesting that thermal equilibrium within the mixed volume was
complete. Reverse zoning is scarce (figs. 25.11, 25.14A), and
olivine rims are consistently iron-rich (fig. 25.11). Chemical equi-
libration was still incomplete, however, as evidenced by the occur-
rence even in phase 16 (Iki—33) of olivine with rims of low-MgO
glass.

SUMMARY

This paper documents the petrographic and chemical diversity
of the olivine phenocrysts and aggregates in the 1959 lava of Kilauea
Volcano. The lava contains five petrographically distinct classes of
olivine, dunitic aggregates with deformed or annealed textures, and
two olivine megacrysts (10X 20 mm in section). Olivine cores vary
from Fog; 5 to Fogg ;. Zoning is moderate (<3 percent Fo within
most crystals); normal and reverse zoning are about equally abun-
dant. There is no correlation between petrographic class and core
composition or style of zoning. Olivine in drill core from Kilauea Iki
lava lake has the same petrographic features as olivine in the rapidly
quenched eruption samples. Pre-eruption zoning and overall chemi-
cal composition is not preserved in the lake olivine, as it has
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exchanged Mg for Fe with the melt.

Many features of the 1959 eruption are unusual for a historical
Kilauea summit eruption and can be explained by a model in which
one of the two observed magmatic components of this mixed-magma
eruption came directly from the mantle, bypassing the main shallow
reservoir. The component erupted from the east end of the initial
fissure appears to be the juvenile component, responsible for the very
hot, gas-rich, olivine-rich nature of the 1959 lava. The various
components of the olivine population were picked up by the nsing
magma in roughly the following sequence:

(1) Deepest are the deformed olivine grains, aggregates of
deformed olivine, and megacrysts, though the actual depths are
poorly constrained. The thermally annealed aggregates may be
strictly deep seated, or may have been annealed in shallower storage.
All these materials are hypothesized to be derived originally from
material lining the conduit wall at mantle or deep crustal levels. They
are xenocrystic to the S—1 magma, but accumulated from earlier
Kilauea tholeiite, so are not compositionally distinct.

(2) Euhedral olivine crystals with significant reverse zoning are
deep-seated phenocrysts of the S— | magma, recording large (several
hundred MPa, or several kbar), but poorly constrained amounts of
near-isothermal decompression. Reversely zoned class 1 olivine
grains were picked off the walls deeper than unzoned class 1 olivine
and erupted sooner after sampling, as this style of zoning is not
stable in the shallow reservoir.

(3) Sulfide-bearing olivine grains and aggregates, rarely
deformed and never showing reverse zoning, come from somewhere
above the source of the deformed and (or) reversely zoned olivine,
but below the shallow reservoir, where SO, is liberated from the
magma. They may be cognate but are more probably xenocrystic to
the S—1 magma.

(4) The occurrence of fragmental class 4 olivine, presumably
formed by brittle failure, correlates fairly well with other indicators
for episodes of influx of new S—1 liquid into the shallow chamber at
the end of phase 1, and at phases 4—5 and 8—9. These fragments
are hypothesized to result from fracture of old shallow olivine
cumulates within the volcanic edifice.

(5) The bulk of the phenocrysts present, including most
euhedral and rounded class 3 grains, unzoned or with some normal
zoning, were picked up from the lower parts of the stored (S—2)
magma. The widespread resorption observed in all classes of olivine
1s a consequence of mixing of thermally disparate melts at this stage.

(6) The small, euhedral olivine crystals with strong (8 percent
Fo) normal zoning formed in the most rapidly cooled margin of the
stored magma; they were only rarely sampled during the eruption.

Disequilibrium features present in the eruption samples include:
(1) the presence of heterogeneous glass (away from olivine); (2) the
presence of boundary layers of MgO-poor glass near olivine; (3) the
presence of reversely zoned, unzoned and (or) normally zoned
olivine in the same thin section; (4) the presence of olivine with very
different core compositions in the same section; and (5) the presence
of olivine with different rim compositions in the same section.
Comparison with other data (Maaloe and Hansen, 1982) suggests
that the mixing event(s) recorded by these features took place weeks
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before the eruption, or perhaps only within the 36 days of the
eruption itself. Further analysis of these various indicators of change,
or “geospeedometers,” is deferred to a later paper.

The presence of kink-banded olivine 15, by comparison, a
relatively slow geospeedometer, as these deformation textures may
last months to a few years at shallow-reservoir conditions. Their
rarity in subaerial tholeiite, even picritic lava, suggests that they do
not survive for decades in subsurface reservoirs, in contrast to their
survival for 22 years in Kilauea Iki lava lake. However, deformed
olivine occurs frequently in submarine east-rift lava of Kilauea. This
suggests that some lower rift lava may move out laterally into the rift
before reaching the shallow reservorr and so, like the 1959 lava,
avoid prolonged shallow storage before their eruption. It would be of
interest to search this submarine lava for the other types of deeper
seated material found in the 1959 lava.
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