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OLIVINE-LIQUID RELATIONS OF LAVA ERUPTED BY KILAUEA VOLCANO
FROM 1994 TO 1998: IMPLICATIONS FOR SHALLOW MAGMATIC PROCESSES
ASSOCIATED WITH THE ONGOING EAST-RIFT-ZONE ERUPTION

CARL R. THORNBERS
U.S Geological Survey, Hawaiian Volcano Observatory, Hawai'i VVolcanoes National Park, Hawai'i 96718, U.SA.

ABSTRACT

From 1994 through 1998, the eruption of Kilauea, in Hawai'i, was dominated by steady-state effusion at Pu‘u ‘O‘0 that was
briefly disrupted by an eruption 4 km uprift at Napau Crater on January 30, 1997. Inthis paper, | describe the systematic relations
of whole-rock, glass, olivine, and olivine-inclusion compositions of lava samples collected throughout this interval. This suite
comprises vent samples and tube-contained flows collected at variable distances from the vent. The glass composition of tube
lava varies systematically with distance and allows for the “vent-correction” of glass thermometry and olivine-liquid Kp as a
function of tube-transport distance. Combined olivine-liquid data for vent samples and “vent-corrected” lava-tube samples are
used to document pre-eruptive magmatic conditions. Kp values determined for matrix glasses and forsterite cores define three
types of olivine phenocrysts: type A (in equilibrium with host glass), type B (Mg-rich relative to host glass) and type C (Mg-poor
relative to host glass). All three types of olivine have a cognate association with melts that are present within the shallow mag-
matic plumbing system during thisinterval . During steady-state eruptive activity, the compositions of whole-rock, glass and most
olivine phenocrysts (type A) all vary sympathetically over time and as influenced by changes of magmatic pressure within the
summit-rift-zone plumbing system. Type-A olivine is interpreted as having grown during passage from the summit magma-
chamber along the east-rift-zone conduit. Type-B olivine (high Fo) is consistent with equilibrium crystallization from bulk-rock
compositions and islikely to have grown within the summit magma-chamber. L ower-temperature, fractionated lavawas erupted
during non-steady-state activity of the Napau Crater eruption. Type-A and type-B olivine-liquid relations indicate that this lava
is amixture of rift-stored and summit-derived magmas. Post-Napau lava (at Pu‘u ‘O‘0) gradually increases in temperature and
MgO content, and contains type-C olivine with complex zoning, indicating magma hybridization associated with the flushing of
rift-stored components through the eruption conduit.

Keywords: Hawai'i, K1lauea, olivine tholeiite, rift zone, lava tube, glass thermometry.
SOMMAIRE

A partir de 1994 jusqu’ alafin de 1998, I’ éruption de K'ilauea, fle de Hawai' i, était dominée par une effusion stable et continue
aPu‘u‘O'o; celle-ci s est vue interrompue briévement par une éruption dans le cratére Napau, a4 km de la en remontant lerift,
le30janvier, 1997. C' est mon but dans cet article de décrire les rel ations systématiques de la composition des roches globales, du
verre, de I’olivine et des inclusions piégées dans I’ olivine des échantillons de lave prélevés au cours de cet intervalle. La suite
inclut des échantillons pris des orifices et des coulées confinées aux tubes de lave, prélevés a distance variable de I’ orifice. La
composition du verre des laves prélevées dans les tubes varie systématiquement avec la distance et permet une correction des
températures fondées sur la composition du verre et du rapport Kp pour le couple olivine-liquide en fonction de la distance
parcourue. Une combinaison de données sur les couples olivine-iquide pour les échantillons des orifices et de données corrigées
pour les échantillons prisdans|estubes sert adéterminer les conditions magmatiques pré-éruptives. Lesvaleursde Kp déterminées
sur le verre delamatrice et le coeur des phénocristaux d’ olivine définissent trois types de phénocristaux: ceux de type A sont en
équilibre avec le verre hote, tandis que ceux de type B sont enrichis en Mg par rapport au verre, et ceux de type C sont appauvris
en Mg, toujours par rapport au verre coexistant. Lestrois types d’ olivine partagent une association génétique avec lesliquidesen
circulation durant cet intervalle dans le systéme de “plomberie” magmatique a faible profondeur. Au cours du stade éruptif
soutenu, les compositions de roche globale, de verre et la plupart des phénocristaux d olivine (de type A) varient toutes de fagon
uniforme avec letemps et selon les changements de pression magmatique au sein du systéme de rifts prés du sommet. Lacroissance
del’olivine detype A aurait eu lieu lors du passage du magma de la chambre magmatique sommitale le long du conduit menant
verslazonederift del’ est. L' olivinedetype B (Fo élevé) aurait cristallisé al’ équilibre avec lacomposition global e des échantillons
qui larenferment, et probablement a I’intérieur de la chambre magmatique sommitale. L’ épanchement de laves de plus basse
température, plus évoluées, aeu lieu lors de I’ interruption des éruptions soutenues a partir du cratére de Napau. Lesrelations du

§  Current address: U.S. Geological Survey, Cascades Volcano Observatory, 5400 MacArthur Boulevard, Vancouver,
Washington 98661, U.S.A. E-mail address: cthornber @usgs.gov



240

THE CANADIAN MINERALOGIST

couple olivineiquide pour I'olivine de type A et de type B indiquent que ces laves sont des mélanges d'un liquide issu du
systéme derifts et d' un autre issu de la chambre sommitale. Les laves postérieures al’ effusion de Napau (signalées a Pu‘u ‘O'0)
augmentent graduellement en température et en teneur en MgO, et contiennent une olivine de type C, montrant une zonation
complexe, indications d’ une hybridisation de magmas associée au drainage du contenu desrifts et son écoulement dans|e conduit

éruptif principal.

(Traduit par la Rédaction)

Mots-clés: Hawai'i, K1lauea, tholéiite a olivine, zone de rift, tube de lave, thermométrie fondée sur le verre.

INTRODUCTION

The basic configuration of the shallow magmatic
plumbing system of Kilauea Volcano, on the Island of
Hawai'i, has been documented in numerous studies that
correl ate seismic and geodeti ¢ datawith summit and rift-
zone eruptive behavior (e.g., Tilling & Dvorak 1993,
and references therein). It is generally accepted that a
continuously replenished shallow magmatic reservoir
persists beneath Kilauea' s summit and that magma mi-
grateslaterally from the summit region through systems
of shallow dikes propagated along radial rift-zones. The
range of olivine tholeiite compositions erupted at the
summit is principally restricted to that regulated by oli-
vine-controlled fractionation occurring within the sum-
mit reservoir (MgO > 6.8 wt%: Wright & Fiske 1971).
Rift zones serve both as magmatic conduits and as re-
gions of magmatic storage where successive fraction-
ation of olivine, plagioclase and clinopyroxene occurs
during cooling . Thus, a broader range of lava chemis-
try is characteristic of rift-zone eruptions. Historically
documented Kilauea rift-zone eruptions of lava with
chemically more evolved compositions are restricted to
relatively short-lived eruptions with repose intervals of
decadal duration (Wright & Fiske 1971, Wright 1971,
Garciaet al. 1989, Helz & Wright 1992). During these
brief eruptions, limited supplies of fractionated lavaare
interpreted to have been derived from shallow stagnant
reservoirs that were variably diluted with hot and fresh
olivine-saturated magmas.

In this paper, | describe the systematic relations of
whole-rock, glass, alivine, and olivine-inclusion com-
position among 350 samples of rapidly quenched lava
collected from September 1994 to December 1998.
During thistime, the ongoing 18-year-old east-rift-zone
eruption was dominated by nearly continuous effusion
of summit-derived olivine-controlled magma at Pu‘u
‘O'0. This steady-state eruptive condition was briefly
disrupted by an eruption of cooler, more fractionated
lava 4 km uprift, at Napau Crater, on January 30, 1997.
Samples of lava used for this investigation were ob-
tained frequently throughout thiseruptiveinterval, from
both vent areas and from tube-contained flows. Thetem-
perature and glass composition of lava-tube samples
varied systematically asafunction of tube-transport dis-
tance and can be corrected to vent conditions. Vent and
“vent-corrected” data provided herein constitutes the

clearest possibleindication of variationsin pre-eruptive
magmatic conditions over time. This unique suite of
samples contains a petrological record of summit-rift
zone conduit characteristics during intervals of both
steady-state and non-steady-state eruptive activity.
Comparative analysis of these eruptive productsis per-
tinent to understanding how differentiated compositions
are produced amidst sustained |ong-term rift-zone erup-
tions.

A “ROEDERESQUE"’ APPROACH

As particularly befitting this special collection of
articles dedicated to Peter L. Roeder, a “Roederesque”
approach of evaluating olivine-liquid systematics of
19941998 K iTauea eruptive productsis presented here.
In hallmark experimental studies of olivine-iquid phase
equilibria, Roeder & Emslie (1970) and Roeder (1974)
described the basic systematics of the distribution of
magnesium and ferrous iron between olivine and basal-
tic liquid. The equilibrium distribution coefficient, Kp
= (FeO/Mg0O)® (MgO/FeO)-19, was established as 0.30
(+0.03) and determined to persist essentially indepen-
dently of variations in temperature and composition of
basaltic liquids. Thisfundamental tenet of basalt petrol-
ogy provides a simple and effective tool for discerning
conditions of equilibration of well-quenched samples of
molten olivine tholelite erupted at Kilauea VVolcano. In
this study, forsterite core compositions are used in con-
junction with associated glass compositionsto cal culate
an apparent Kp. Kp values derived in this manner allow
an assessment of the degree of disequilibrium between
phenocryst cores and coexisting melts. Both subtle and
disparate deviations from equilibrium conditions of
growth areidentified and attributed to characteristics of
pre- and post-eruptive eruptive magmatic history.

The samples reported on here provide temporal im-
ages of the dynamic eruptive plumbing system and, as
such, are analogous to experimental run products from
an enormously complicated laboratory apparatus (i.e.,
Klauea Volcano). The challenge of studying themisto
understand both the furnace and the run conditions. Pet-
rological modeling of this unique time-series suite
of eruptive products is constrained by real-time mea-
surements of Kilauea deformation during this eruptive
interval. In this context, the observed olivine-liquid re-
lations provide important clues to resolving shallow



OLIVINE—LIQUID RELATIONS, KILAUEA VOLCANO, 1994-1998

magmatic processes that are inherent to long-term rift-
zone eruptions of Hawaiian shield volcanoes.

Brier OvERVIEW OF THE EAST-RIFT-ZONE
ErupPTiON AT KILAUEA

Theflow field produced during 18 years of eruptive
activity on the east rift zone of Kilauea Volcano
(through December, 1998) is shown in Figure 1. Pub-
lished narratives describing the physical character of
fifty-three discrete episodes of this eruption are as fol-
lows: Episode 1-47, from 1983 to 1986: Wolfe et al.
(1988) and Heliker et al. (2000); Episode 48, from 1986
to 1992: Mattox et al. (1993), Garcia et al. (1996) and
Kauahikaua et al. (1996); Episode 49, 1991: Mangan et
al. (1995), and Episode 50-53, from 1992 to 1994:
Heliker et al. (1998) and Kauahikana et al. (1998).
Garciaet al. (1989) provided petrological evidence for
mixing of rift-stored, clinopyroxene- and plagioclase-
fractionated magma with hotter, olivine-controlled,
summit-derived magma during the early phases of this
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eruption. The hybrid component of rift-stored magma
had mostly cleared from the eruptive plumbing system
by Episode 3 in April, 1983. During the high-fountain
episodes of Pu'u ‘O‘'0in 1985, the last remnants of dif-
ferentiated rift-stored were completely flushed from the
rift-zone conduit (Garcia et al. 1992). From 1985 and
until the eruption revisited Napau Crater in January
1997, products of rift-zone eruption were restricted to
olivine-saturated compositions fed by a nearly steady-
state summit — rift-zone plumbing system (Garciaet al.
1996, Mangan et al. 1995, Heliker et al. 1998, and this
aper).
By 1993 and through 1996, intra-crater pond activ-
ity at Pu‘u ‘O‘0 was accompanied by a single continu-
ously active vent on the uprift flank of the Pu‘u ‘O‘0
cone (Episode 53, Heliker et al. 1998), and the eruption
settled into asteady-state mode, with lavaflow typically
contained within a well-developed 10- to 11-km-long
tube system from Pu‘u ‘O‘0 to the ocean. The 22-hour-
long Napau Crater eruption on January 30 to 31, 1997
(Episode 54) immediately followed awell-documented,
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Fic. 1. Ventlocationsand lavaflows of Kilauea east rift zone eruptive activity, 1983-1998. Inset map in the upper right corner
shows Hawai'i island and the location of this area along the east rift-zone (erz) of Kilauea Volcano (swrz, southwest rift-
zone). Episode 53 flow field (1992-1997) is shown in amedium dark shade. Darkest shaded area shows extent of Episode 55
flow field (1997-1998), with the main lava tube indicated as awhite line. Fissure locations for the Episode 54, January 1997
Napau crater eruption are shown in the upper |eft inset. The sequence of Episode 54 eruption corresponds to the al phabetical

order of fissure names (A, B, C, D, Eand F).
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shallow east-rift extensional event (Owen et al. 1997).
This eruptive episode was sporadically fed from six
northeasterly fissure vents along the rift (Fissures A
through F, Fig. 1), extending from 2 to 4 km uprift of
the Pu‘u ‘O‘0 vent area (Harris et al. 1998, Thornber et
al. 1997). The current eruptive episode (Episode 55)
began on February 24, 1997, when lava again appeared
inthe Pu‘u‘O‘o crater. Activity waslimited to an active
lava pond that steadily rose to the elevation of flank
vents, which began to erupt on March 28, 1997. After
three months of shield-building around sporadically
active Pu'u ‘O'0 flank vents, a predominant outlet on
the southwestern flank of the cone began to steadily feed
anew easterly flow (seeFig. 1in Cashman et al. 1999).
The spatial and temporal evolution of theflow field from
May through August 1997 isdepicted in atime series of
eruption maps in Harris & Thornber (1999). Through
successive advancement of surface flowsand tubes, lava
reached the coast in mid-July; by August 1997, arela-
tively stable 11-km-long tube system was serving as a
lava pipeline from the vent to the ocean. By mid-1997,
steady-state eruptive conditions were re-established and
have been maintained to the present time, with amature
tube system feeding lava from the vent to the ocean and
with occasional tube overflows associated with brief and
intermittent eruptive pauses. Between January and May
1998, steady-state eruptive activity was accompanied by
occasional vent activity on the flank of Pu‘u ‘O‘o.

The present study of alivine-iquid relations in the
eruptive products of Kilaueaincludes samples collected
throughout intervals of steady-state eruptive activity of
late Episode 53 and Episode 55 and the briefly inter-
vening period of non-steady-state activity during Epi-
sode 54 and early Episode 55.

PeTrOLOGICAL SAMPLING OF VENT TEPHRA,
SPATTER AND TUBE-CONTAINED LAVA FLows

The goal of petrological sampling of thiseruptionis
to monitor compositions at the vent through time. This
isachieved through sampling of : 1) vent tephraand spat-
ter, produced during sporadic intervals of low-level lava
fountaining, 2) Pele' stears and hair, frequently emitted
from the active pond within Pu‘u ‘O'0, and 3) tube-con-
tained lava flows, which are readily accessible at vari-
able distances from the vent. Whereas tephra or tears
are quickly air-quenched during deposition, it is most
desirableto quench hot spatter or flow samplesin water
in order to minimize the growth of microlitesthat affect
changes in glass composition.

Vent and tube samples during steady-state activity
(late Episode 53 and late Episode 55)

During periods of steady-state eruptive activity, from
September 1994 through January 1997 (Episode 53) and
from July 1997 through December 1998 (Episode 55),
lava sampleswere collected, to the extent possible, on a
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weekly basis both at the Pu‘ u ‘O‘o vent and from upper-
elevation flow within the active tube system. In addi-
tion, samples of vent spatter were collected adjacent to
sporadically active Pu‘u ‘O‘o flank vents. Samples of
sluggish and cooler tube flow that were collected dur-
ing brief or intermittent pauses amidst otherwise steady-
state activity are not included in this dataset, nor are any
samples of distal surface flows.

Pele’ stears, hair, reticulite (tephra) and spatter from
lava splashes within Pu‘u ‘O‘0 were collected at near-
weekly intervalsfrom wooden trays (30 X 60 X 10 cm)
placed downwind of the lava pond on the rim of the
active crater. There is an uncertainty of three to four
days in the time of deposition of most of the air-
guenched tephra collected from these “tear catchers’.
Samples of tube-contained lavaflowswere taken at sky-
lights created by roof collapses along the active tube
system. These tube samples were routinely obtained at
elevations above 600 m and over a distance ranging
from ~1 to 6 km from the vent. The tube-flow sampling
device consisted of a sledge-hammer head secured to
the end of a20-m length of 0.8 cm stainless-steel cable.
In most cases, the cable-strung hammer head was tossed
over alog positioned across the skylight in order to fa-
cilitate optimal positioning over the center of the flow
and to avoid sample contamination by tube-roof mate-
rial at the edge of the skylight. Using thistechnique, up
to 0.5 kg of lava was retrieved from the tube flow and
quickly and thoroughly quenched in water. All vent
spatter samples were collected hot and quickly water-
guenched in amanner similar to that described for vent
sampling during non-steady-state eruptive activity.

Vent samples during non-steady-state activity

The first two samples from the January 30, 1997
Napau Crater eruption (Episode 54) were collected
shortly after fountaining and flow had ceased at Fissure
A (Fig. 1); their times of quenching are extrapolated on
the basis of field relations and eye-witness reports of
eruption. All other fissure-fountain spatter samples (Fis-
sures B, D, E and F) reported here were still molten at
the time of collection; these were retrieved by hand and
water-quenched within seconds after their fall. Flow
samples within 50 meters of vents were collected with
geological picksfromleading edges of fissure overflows
or using cable-strung hammer heads tossed over levees
into near-vent flow channels. Low-level fountain spat-
ter and spatter-cone overflows or flow breaches from
sporadic vents on the western and southwestern flanks
of the Pu‘u ‘O'0 cone, from May through July 1997
(early Episode 55), were sampled by similar methods.

PeTROGRAPHY OF SAMPLES COLLECTED
DURING STEADY-STATE ACTIVITY

Aside from occasional microlites of plagioclase and
clinopyroxene, olivine and chromian spinel arethe only
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Fic. 2. Histogram showing the size distribution of analyzed phenocrysts of olivine in

tube, vent and tear samples.

crystalline phases routinely present in Episode 53 and
Episode 55 steady-state tear, vent and tube samples.
These samples typicaly have 1 to 3 vol.% of olivine
phenocrysts, up to 5 vol.% in a few Mg-rich samples.
Olivine crystals can be as large as 2 mm, but are typi-
caly only 0.6 to 0.7 mm across, and there is no signifi-
cant difference in size distribution among tear, vent or
tube samples (Fig. 2). Electron-back-scatter images de-
picting the range of phenocryst textures observed in this
sample suite are presented in Figures 3 and 4. Subhedral
and euhedral microphenocrysts of chromian spinel are
ubiquitously present in trace amounts, usually incorpo-
rated by olivine but occasionally present as isolated
grains in glass. The olivine crystals in Pu‘u ‘O‘0 tear
samples are typically restricted to the more bulbous
“droplet” portion of individual tears (Figs. 3A, B), and
the modal abundance of olivine is usually around 1
vol.%. The slightly lower abundance of olivine com-
pared to other vent or tube samples is most likely re-
lated to tear-formation mechanisms (Duffield et al.
1977, Shimozuru 1994), rather than to differences in
character of the chemically homogeneous source of
magma.

In tube samples, olivine occurs as free-floating crys-
tals and in open-textured glomerocrystic aggregates
(Fig. 3C). Schwindinger & Anderson (1989) attributed
the latter texture in 1959 Kilauea Iki lava to pre-erup-
tive synneusis. In this study, however, the synneusis of
olivine crystalsis attributed to flow dynamics either in
the pre-eruptive conduit or in the lava tube.

Olivine phenocrysts in the entire suite of samples
comprise an array of subequant to blocky and elongate
crystals, and there is no clear correlation between crys-
tal size and morphology. Subhedral phenocrysts (Figs.
3C, D) aretypical and commonly coexist with less abun-

dant, euhedral olivine (Figs. 3E, F). Both euhedral and
subhedral skeletal and hopper-shaped crystals of oliv-
ine are present in many samples and display arangein
size similar to that of subequant or elongate varieties.
All morphological variants of olivine phenocrysts con-
tain round to elongate glass inclusions, and inclusion-
bearing olivineis present in nearly al samplesanalyzed.
Numerous subhedral grains of olivine with abundant
irregular inclusions are embayed in a fashion sugges-
tive of rounded skeletal or hopper growth (Figs. 3G, H).
Because there are no fine-scale cuspate textures at the
interface between crystal embayments and glass, which
would indicate significant chemical resorption due to
crystal—-melt disequilibria (Thornber & Huebner 1985),
this embayed texture is interpreted to result from ther-
mal erosion or abrasion at the crystal-iquid interface
during near-equilibrium growth associated with dy-
namic transport within the rift-zone conduit. The
subhedral to rounded shapes of most olivine grains in
this suite of samples are suggestive of such pre-eruptive
erosion or abrasion.

PeTROGRAPHY OF SAMPLES COLLECTED
DuRrING NON-STEADY-STATE ACTIVITY

Lava erupted during Episode 54 in Napau crater is
variably choked with ~3 mm aggregates of plagioclase,
clinopyroxene and olivine. These samples are ~20% to
50% crystalline and contain an assortment of rounded
and angular phenocryst fragments that includes nor-
mally and reversely zoned pyroxene and plagioclase in
addition to compositionally disparate olivine phenoc-
rysts. Figure 4A shows a normally zoned and well-
rounded olivine phenocryst with inclusions of relatively
high-Mg glassin amatrix bearing skeletal and euhedral
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crystals of olivine. The fine-scale cuspate texture at the
crystal-iquid interface of the rounded olivine phenoc-
ryst is evidence for partia resorption by the surround-
ing liquid. Other xenocryst-looking olivine phenocrysts
display overgrowth of skeletal olivine on afinely cus-
pate andirregular core (Fig. 4B). Comparable examples
of cuspate textures observed in hybrid magmas erupted
in the Kilauea 1959 summit eruption and in the 1955
lower east-rift eruption are interpreted as evidence for
mixing of thermally and chemically disparate magmas
(Thornber & Huebner 1985, Helz 1987, Helz & Wright
1992).

_ Inmaterial erupted early in 1997, from sporadic Pu‘u
‘O‘'oflank vents, before steady-state conditions of erup-
tion were re-established, variably reacted phenocrysts
and olivine show complex zoning, distinct reaction-
rims, and plagioclase inclusions (Figs. 4C—F). These
textures are indicative of a complex temperature—com-
position history related to flushing of hybrid compo-
nents through the shallow rift-zone conduit after the
January 1997 magma-mixing episode. A small number
of olivine grains, in samples of the subsequent Episode
55 steady-state eruption, display distinct normal or
complex core—rim zonation patterns and are interpreted
as erratic remnants from this flushing process (Figs.
4H, G).

ANALYTICAL TECHNIQUES

Concentrations of major elements were established
inwholerocksby the U.S. Geological Survey (Denver),
using X-ray fluorescence (XRF) techniques described
by Taggart et al. (1987). Microbeam imagery and quan-
titative analyses used in this study were done at the
USGS Denver Microbeam Facility using a JEOL 5900
scanning electron microscope (SEM) and a JEOL 8900
electron microprobe.

Electron-microprobe analyses of glass and minerals
were done at 15 keV, 20 nA beam current and using a
Phi—Rho—Z data-reduction routine. A 20-pm-diameter
beam was used to minimize loss of akalis during the
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analysis of glass. Data for magjor and minor elements
were collected for 20-second peak-count intervals. A
longer peak-count interval of 80 seconds was used for
all sulfur determinations and produced reasonable re-
sults for concentrations above 100 ppm. Glass compo-
sitionsused for al plotsand calculations are the average
result of 10 analyses per sample. One to three grains of
olivine per sample were analyzed, along with glassin-
clusions, where present. Olivine crystals analyzed were
selected by petrographic and SEM reconnaissance of
each polished thin section. An average of two core com-
positions was obtained for one or more crystals of oliv-
ine of typical morphology and size in each sample
analyzed. Rim compositions were determined for typi-
cal olivine grains in Episode 55 samples. In addition,
core and rim compositions were established for any
unusually large crystals or crystals with unusual and
obvious zonation or reaction textures. Glass inclusions
analyzed were usually greater than 80 pm in diameter
and never less than 50 pm.

The precision of electron-microprobe resultsis esti-
mated on the basis of counting statistics and reproduc-
ibility of standardsthat were repeatedly analyzed during
each probe session. Most relevant to this study are the
estimated errorsin MgO and total FeO (FeO; = Fe,O3 +
FeO) concentrations used in glass-thermometry calcu-
lations [T°C = 20.1 * wt% MgO + 1014°C (Helz &
Thornber 1987)] and in determining olivine-glass dis-
tribution coefficients [Kp = (MgO/ FeO)? / (MgO/
FeO)t9 (Roeder 1974)]. Despite limitations in the ab-
solute accuracy of the Helz—Thornber glass thermom-
eter associated with an experimental uncertainty of
10°C, therel ative temperatures estimated by this method
are comparable within limits of analytical precision.
MgO and FeO; concentrationsin glass and olivine stan-
dard samplesare presented in Table 1. An average error
of 1.4% (1o) in determinations of MgO concentration
in glass standards yields an average estimated precision
of £1.4°Cin glassthermometry. An average of 1% (1c)
errorin Mg:Feratioinolivineand glass standardstrans-
lates to an estimated precision of 1% in calculated Kp

Fic.3. Electron-back-scatter images of type-A olivinein eruption samples. In each photo, olivine appearsdark gray amidst light
gray host glasses. It containslight gray glassinclusions. Small crystals of chromian spinel appear as white flecks within and
adjacent to most olivine grains. Black areas are vesicles. White bar-scale in each image is 500 wm. Each photo description
includes sampl e type and number, morphol ogy, olivine core composition (Fo), MgO-based glass temperature (MgO T°C) and
olivine—glass Kp. “Vent-corrected” temperature and Kp are given for tube samples (MgO T°C* and Kp*; seetext for expla-
nation). A) Episode 53 Pu‘u ‘O‘otear sample (KE53-1821T). Subhedral —blocky type-A olivine (Foggg); MgO T°C = 1150°C;
Kp = 0.299. B) Episode 55 Pu‘'u ‘O'0 tear sample (KE53-1927T). Subhedral — embayed (hopper) type-A olivine (Fogys);
MgO T°C = 1164°C; Kp = 0.291. C) Episode 53 tube sample (KE53-1842F). Synneusis of subhedral crystals of type-A
olivine (Fogy4); MgO T°C = 1149°C (MgO T°C* = 1154°C; Kp* = 0.295). D) Episode 53 tube sample (KE53-1834F).
Synneusisof subhedral crystals of type-A olivine (Fogp g); MgO T°C = 1146°C (MgO T°C* = 1150°C; Kp* = 0.293). E) Early
episode 55 tube sample (KE55-1911F). Euhedral — embayed type-A olivine (Fog,3); MgO T°C = 1148°C (MgO T°C* =
1151°C; Kp* = 0.267). F) Episode 55 tube sample (KE55-1997F). Euhedral type-A olivine (Fog,2); MgO T°C = 1157°C
(MgO T°C* = 1162°C; Kp* = 0.292). G) Episode 53 tube sample (KE55-1964F). Blocky — embayed hopper type-A olivine
(Fog1.1); MgO T°C = 1150°C (MgO T°C* = 1154°C; Kp* = 0.291). H) Episode 53 tube sample (KE55-1722F). Subhedral —
embayed, skeletal, hopper type-A alivine (Fogz2); MgO T°C = 1152°C (MgO T°C* = 1158°C; Kp* = 0.302).
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TABLE 1. REFRODUCIBILITY OF ELECTRON-MICROPRURE ANALYSES
OF STANDARDS

Glass Clivine
VG-ASY LSNM113716  SpringWater Marjahlati
No. Anal. 360 T2 B 25
Fely MeO FeQ,, Mg TFel,, M™MegO FeO,, MpO

Average 4418 115 486
Std. Dev. 014 008 01 ¢l 022 04 Do 053
Std. Value® 133 508 903 821 IG62 4358 1138 4808

1315 503 504 308 68

* Jerosewich et /. { 197%) for the plass, Huebner & Woedraff'{| 985) for the olivine,

values (e.g., Kp = 0.300 £ 0.003). Both glass and oliv-
ine standards were found to be reproducible within the
estimated precision in multiple electron-probe sessions
over a four-year period, and no additional corrections
to the data were made based upon standard variability
over time (see Helz et al. 1995). The average standard
deviation of wt% MgO per ten replicate analyses of
glassesin all samples of this study is 1.4% (10), which
demonstrates that unknown glasses are homogeneous
within the estimated precision of analysis.

Ferrous iron (FeO) concentrations for whole-rock
and glass were determined for five samples at Queen's
University (P. Roeder and A. Grant, pers. commun.,
1999), using the wet-chemical method described by
Thornber et al. (1980). Results indicate an average
whole-rock FeO/FeO; vaue of 0.91 (o = 0.01). Con-
centrations of FeO in the glass of each sample were
calculated by subtracting the volume percent olivine
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with known FeO content from the whole-rock value.
This approach yielded an average glass FeO/FeO; value
of 0.90 (o = 0.01). On the basis of these measurements,
a FeO:FeO; ratio of 0.9 is used to estimate FeO and
Fe,O3 concentrations for all whole-rock and glass com-
positions. Thisvalueisthe sameasthat used for Kilauea
lava in numerous other investigations (e.g., Clague et
al. 1995, Garciaet al. 1992, 1996).

MaJor-ELEMENT CompPosiTioN oF WHoLE Rocks
AND MATRIX GLASSES, AND GLASS THERMOMETRY

Average major-element compositions for whole-
rock (225 samples analyzed), and glass (2,940 analyses
of 290 samples) are grouped according to eruptive in-
terval and sample type (i.e, tear, vent and tube) and
presented in Appendix 1. The variations with time of
whole-rock MgO (wt%) and MgO-based glasstempera-
ture (and corresponding wt% MgO in glass) in tube, tear
and vent samples are presented in Figures 5A and 5B.
The whole-rock MgO and the glass temperature vary
sympathetically over time for the entire suite of tear,
vent and tube samples. Late products of the Episode 53
eruption from September 1994 through January 1997
range from 7.1 to 9.6 wt% MgO and average 8.5 (o =
0.2 wt%). Average MgO-based glass temperatures for
thisinterval are 1152.7°C (o = 3.2°) for Pu‘u ‘O‘'o tears
and 1150.0°C (o = 2.9°) for tube samples (Appendix
1A). The short-lived January 1997 Napau fissures
erupted relatively low-temperature basaltic liquid.
Analyses of lava of Fissure A through E of Episode 54
reveal eruption temperatures of 11280 1138°C withan
average whole-rock MgO of 6.4% (o = 0.1) (Appendix
1B). Fissure F, the final and westernmost fissure,
erupted lavaat 1112° to 1124°C with an average whole-

Fic. 4. Electron-back-scatter images of olivine grainsin non-steady-state eruption samples. General description of imagesisthe
same as for Figure 3; crystals of plagioclase are very dark gray, and crystals of augite are lighter gray compared to olivine.
White bar-scale each image is 100 pum. A) Episode 54 Fissure F vent sample (KE54—-1864F). Round type-B olivine (center)
(Fogy 5 core and Fo777 rim) with cuspate marginsand glassinclusion (MgO T°Cincl. = 1130 °C). Plagioclase, augite and type-
A olivine (Foz,) in glass matrix (MgO T°C = 1116 °C); type-B olivine — host glass Kp = 0.145; type-A olivine — host glass
Kp = 0.306. B) Episode 54 Fissure F vent sample (KE54-1867F). Round type-B olivine (center) (Fog,0 cores and Fozgg rim)
with cuspate margins overgrown by skeletal type-A olivine (Foye) extending into matrix glass. Plagioclase, augite and olivine
in glass matrix (MgO T°C = 1123 °C); type-B alivine — host glass Kp = 0.169; type-A overgrowth — host glass Kp = 0.279.
C) Episode 55 tube sample (KE55-1911F). Resorbed and reacted type-B olivine with type-C olivine (plus glass) overgrowth
(Fogs 1 core and Fozg 4 overgrowth) with reacted chromian spinel inclusion. (MgO T°C* = 1151°C; type-B olivine—host glass
Kp* = 0.218; type-C overgrowth — host glass Kp* = 0.377). D) Episode 55 tube sample (KE55-1911F). Complexly zoned
olivine with type-B core (Fog,.5), type-C inner rim (Fozgs) and type-A skeletal overgrowth (Fog; »). (MgO T°C* = 1151°C;
type-B olivine — host glass Kp* = 0.234; type-C inner rim — host glass Kp* = 0.318; type-A overgrowth — host glassKp * =
0.293). Plagioclase and type-A olivine (Fogp) in glass matrix (matrix — host glass Kp = 0.318). E) Episode 55 vent sample
(KE55-1909F). Complexly zoned olivine with type-B core (Fogsg), type-C inner rim (Fo;7.7) with plagioclase intergrowth,
and type-A skeletal overgrowth (Fogp ). (MgO T°C = 1151°C; type-B olivine — host glass Kp* = 0.238; type-C inner rim —
host glass Kp* = 0.365; type-A overgrowth — host glass Kp* = 0.310). F) Episode 55 vent sample (KE55-1871F). Reversely
zoned type-C olivine with plagioclase inclusions (MgO T°C* = 1149°C). G) Episode 55 tube sample (KE55-1935F).
Reversely zoned olivine with type-C core (Fo775) and type-A rim (Fog; 3). (MgO T°C* = 1158°C; type-C olivine— host glass
Kp* =0.372; type-A rim —host glassKp* = 0.287). H) Episode 55 tube sample (KE55-2027F). Complexly zoned olivinewith
type-A core (Fogy g), type-C inner rim (Fo7o6) and type-A skeletal overgrowth (Fog, 7). (MgO T°C* = 1158°C; type-A olivine
— host glass Kp* = 0.282; type-C inner rim — host glass Kp* = 0.563).
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Fic. 5. Time-seriesplot of A) Whole-rock wt% MgO, B) MgO-based glass thermometry (and wt% MgO), and C) % Forsterite
in olivine, for samples collected from September, 1994 through December, 1998. Episode 53, 54 and 55 durations are indi-
cated in A, which also shows the timing of brief eruptive pauses (down-pointing triangles plotted along the top of the dia-
gram). In A and B, tear samples are shown as unfilled diamonds, vent samples are shaded up-pointing triangles, and tube
samples are black circles. In C, type-A alivine is shown as black diamonds, type-B olivine is represented by shaded up-
pointing triangles, and type-C olivine, by shaded down-pointing triangles.

rock MgO of 5.8% (o = 0.1).Early during Episode 55,
before steady-state eruptive conditions were re-estab-
lished, the MgO content of lava issued from sporadic
Pu‘u ‘O‘o flank ventsincreased steadily with time from
7.7 10 8.3% MgO, and eruption temperatures increased
from 1145° to 1156°C (Appendix 1C). By August 1997
and through December 1998, products of Episode 55
steady-state eruptive activity have had the highest tem-
perature and most Mg-rich compositions in the entire
history of this eruption (compare Helz & Hearn 1998).
MgO-based glass temperatures of late Episode 55 Pu‘u
‘O‘otear and vent samplesrange from 1157° to 1168°C,
and average 1163°C (o = 2.7°C). Episode 55 tube

samples have temperatures that range from 1147° to
1159°C , and average 1154°C (o = 2.7°). Whole-rock
MgO of tube and vent samples during this interval
ranges from 8.5 to 9.5%, with an average value of 8.9
(o = 0.2%) (Appendix 1D).

Figure 6 shows the whole-rock compositions of the
late 1994 through 1998 suite of samples on a plot of
Ca0 versus MgO concentrations. The compositional
variation for these eruption products follows typical
fractionation trends of Kilauean lavas (e.g., Wright
1971, Wright & Fiske 1971, Helz & Wright 1992). Late
Episode 53 and Episode 55 Ca-Mg variations aretightly
constrained by olivine control to ~7.5 wt% MgO. Be-
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Fic. 6. Whole-rock wt% CaO variation with wt% MgO for
September, 1994 through December, 1998 samples. Sym-
bols are as shown in the legend for Episode 53, 55 tube,
tear and vent samples and Episode 54 Fissures A—E and
Fissure F vent samples. Episode 53 and Episode 55 sam-
ples define an olivine-control trend, the low-Mg end of
which isdefined by early Episode 55 non-steady-state vent
samples.

low thisvalue, coprecipitation of augite and plagioclase
cause Cato decrease linearly with Mg. There are two
compositions of chemically distinct evolved magma
erupted during Episode 54 at Fissures A—E and Fissure
F, with MgO average contents of 6.4 and 5.8%, respec-
tively. Lavafrom Fissures A—E isinterpreted as a mix-
ture of hotter, rift-conduit magma with cooler and
fractionated magma stored within the rift-zone and
erupted at Fissure F.

Among concurrent steady-state tube, tear and vent
samples, tube samples have consistently lower MgO-
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based glass temperatures (Fig. 5B), reflecting minor
overgrowth of olivine phenocrysts associated with cool-
ing during transport. CaO versus MgO variation in tear
glasses (Fig. 7A) defines an olivine-control trend con-
sistent with that of whole-rock data (primarily from tube
samples), but Cacontent of tube and vent glassesismore
scattered (Fig. 7B). Since the eruption temperature re-
flected by tear samples is close to the temperature at
which augite and plagioclase begin to crystalize (i.e.,
between 1150 and 1160°C: Helz & Thornber 1987,
Thompson & Tilley 1969), it followsthat the minor dis-
parity between compositional trends of wholerocksand
glass of tube and vent samples is related to a small
amount of microlite crystallization associated with syn-
and post-eruptive cooling. This suggestion is borne out
by the observation of trace amounts of plagioclase and
augite microlites in many tube and vent samples.
Microlites in tube samples develop because of minor
cooling during downtube transport. Many spatter
samples collected during sporadic low-level fountaining
at vents are variably microlite-rich because air-cooled
lavais recycled within the vent during cyclic pulses of
fountaining activity.

THE ComPosITIONAL RANGE oF OLIVINE

Average results of 542 analyses of 357 olivine cores
in 258 samplesare presented in Appendix 1 and grouped
according to eruptive interval, sample type (i.e., tear,
vent and tube) and phenocryst type (as described be-
low). The variation of measured forsterite (Fo) content
of olivinecoresinindividua tear, tube and vent samples
over timeis presented in Figure 5C for comparison with

s g B
11 -
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Fic.7. Variation with MgO of CaO asafunction of MgO (wt%) in glassfor September, 1994 through December, 1998 samples.
A) Compositions of steady-state Episode 53 (unfilled diamonds) and Episode 55 tear samples (filled diamonds). B) Compo-
sitions of steady-state tube samples for Episode 53 (unfilled circles) and Episode 55 (black circles), and non-steady-state vent
samples during Episode 54 (shaded up-pointing triangles) and Episode 55 (unfilled up-pointing triangles). The field of tear

samples from A is shown for comparison.
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variations in both glass and whole-rock composition
(Figs. 5A, B). There is no correlation between olivine
composition and sampletype. Of the olivine grains ana-
lyzed, 88% have core compositions that vary sympa-
thetically with the temporal variation of whole-rock
composition and glass temperatures, and 12% do not
conform with thistrend. Comparison of temporal trends
for host glass and phenocryst cores provides afirst-or-
der basis for distinguishing three types of phenocrysts
(labeled A, B and C). Core compositions of type-A oli-
vinevary consistently with host-glass compositions over
time. Relative to type-A olivine, cores in concurrent
type-B olivine have high Fo contents, and coresin type-
C olivine have low Fo contents. The number of olivine
grains analyzed per sample isinsufficient for quantita-
tive evaluation of the frequency and distribution of the
different types of olivine. Nonetheless, care was taken
to analyze both representative and unusual phenocrysts
in alarge number of samplesin order to minimize bias
in the population of olivine grainsanalyzed. A summary
of the general physical and chemical characteristics of
these types of olivine in each eruptive episode is pre-
sented in Table 2.

Core compositionsin type-A olivine range from Fogy
to Fog, in Episode 53 (Appendix 1A), from Fog; to Fog,
in Episode 55 (Appendix 1C and D), and from Foys to
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Fogp in variably fractionated Episode 54 lavas (Appen-
dix 1C). Core compositionsin type-B olivinerangefrom
Fogs to Fogs in Episodes 53 and 55 samples, and from
Foys to Fogy in Episode 54. Type-C olivineis observed
only in Episode 55, and rangesin core composition from
Fozs to Fogg. A more detailed evaluation of the compat-
ible and incompatible compositional relationships of
olivine and host lava, which supports the distinction
among olivine types as outlined here, is discussed |ater
interms of calculated olivine-iquid distribution coeffi-
cients for vent and tube samples.

In steady-state eruption samples, the morphology
and size range of type-B olivine are generally indistin-
guishable from those of type A. Figure 8 is a time-se-
ries plot of compositions of phenocryst cores and
outermost rims of type-A, -B and -C olivine in Episode
55 samples. Grains of type-A olivine are either unzoned
or have a dightly iron-enriched outer rim (<50 pwm)
compared to more extensive nhormal zoning of type-B
(>50 wm) and reversed zonation of type-C phenocrysts.
In evolved melts of Episode 54, grains of type-A oliv-
ine occur within glomerophyric aggregates of augite and
plagioclase or asfree-floating euhedral to skeleta crys-
tals. Type-B olivine displays cuspate, resorbed outer
edges (Figs. 4A, B). Some type-B olivine phenocrysts
in early Episode 55 samples have complex core—im

TABLE 2. GENERAL CHARACTERISTICS OF OLIVINE PHENOCRYSTS IN PRODUCTS OF 1994-1998 ERUPTIONS

Type-A Olivine Type-B Olivine Type-C Olivine
Episode 53 Episode 54 Episade 55 Episode 53 Episode 54 Episode 55 Episode 55

Care Fo 80— 82 Fo 75 - 80 Fo 81 -84 For 83 - 84 Fo 78 — 84 Fo 83 -85 Fo75-82

composition

{range, %Fo)

Morphology  Subhedral, Glomerophytic- Subhedral, Subhedral Round with ~ Round to Round to subhedral
euhedral, ally intergrown  euhedrat, 10 euhedral cuspate subhedral cores and sub-
hopper with PI, Cpx;  skeletal and free-floating  outer marging; and euhedral,  hedral to enhedral
crystals; free-floating  hopper crystals; crystals angular occasional ot skeletal rims;
free-floating  euhedral - free-fioating fragments skeletal rims;  free-floating
crystals, loose  skeletal crystals, loose freefloating  crystals, some with
agerceates crystals apgTepates crystals Pl inclusions

Core-to-rim Unzoned or ~ Unzoned Unzoned or ~ Normal Normal Normal Reverse or

Zonation slight normal slight normal  zoning Zoning, zoning, complex zonation
zoning (<50 zoming (<50 (50 pm vartgble rim =50 pmrm;  (or both)
pum i) e Fimy riem) development  some complex

zoning

Olivine core  Compatible Compatible Cempatible Incompatible  Incompatible Incompatible Incompatible

fost melt K, =030 Ky~ 030 Kp =030 K,<030 K, <030 K,<030 K,>030

conpatibility*

* (01-L K,). Symbols: Cpx clinopyroxene, L liquid, Ol olivine, Pl plagioclase.
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Fic. 8. Time-series plot of percentage Fo in olivine cores and outermost rims for Episode 55 samples. Tie-lines are drawn
between individual core—rim pairs. Type-A olivine (black down-pointing triangles) displays asmall range of normal zoning;
type-B olivine (unfilled down-pointing triangles) shows more extensive normal zoning, and type-C olivine (shaded up-point-

ing triangles) has reversely and complexly zoned patterns.

zonation or reaction coronas (Figs. 4C-E), reflecting a
more complicated magmatic history. Type-C olivineis
distinguishable by complex and reversed patterns of
zoning, or the presence of plagioclase inclusions (Figs.
4FH).

GLAss INcLusiONS IN OLIVINE

Average compositions of glass inclusions in 162
grains of olivine from 144 samples are presented in
Appendix 1. Electron-back-scatter images of typical
inclusion-bearing olivine are shown in Figure 3. Aside
from occasional chromian spinel, around which some
inclusions form, these domains of glass are devoid of
crystalline phases. The MgO content of glassinclusions
in this suite ranges from 5.3 to 7.6 wt%, with a MgO-
based glass-temperature range of 1120° to 1167°C. In-
clusion compositions and glass temperatures correlate
reasonably well with those of host glasses in most tear
samples, but are poorly correlated with host glasses in
most Episode 53 and 55, tube and vent samples (Fig. 9).
The Mg contents of glass inclusions in type-A olivine
from tube and vent samples are generaly low relative
to those for host glasses, and are slightly lower but
broadly consistent with host glasses in tear samples. In
Figure 10, measured core compositions of olivine (types
A and B) are compared with those cal culated using com-
positions of associated glass inclusions (using Kp =

0.300; Roeder & Emslie 1970). Average values of %Fo
calculated from included glasses for each sample type
and eruptive interval are presented in Appendix 1. Cal-
culated Fo values are slightly lower than, but consistent

Glass Inclusion vs. Host Temperature

1170

1160

1150

1140

MgO T(°C) Host

1130

1120

1120 1130 1140 1150

MgO T (°C) Inclusion

1160 1170

Fic. 9. MgO-based glass thermometry (°C) for coexisting
glassinclusionsin olivine and host glassesin tube, tear and
vent samples (symbols as shown in key).
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Measured vs. Calculated Fo
Host Olivine vs, Inclusion
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Fic. 10. Measured % Fo in olivine cores versus that calcu-
lated from coexisting inclusionsin olivine (assuming Kp =
0.30) in tube, tear and vent samples. Symbols are the same
asin Figure9.

with, measured compositions of olivine cores in tear
samples, athough Fo depletion of inclusions is erratic
and much greater in other samples. Schwindinger &
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Anderson (1989) and Clague et al. (1995) attributed the
chemical disparity of glass inclusions to post-entrap-
ment crystallization of olivine aong inclusion walls.
However, detailed image-analysis of inclusion walls
was not conducted in this or other studies, and physical
evidence for that processis lacking. The comparison of
olivine-inclusion and host-glass composition with
sampletypeindicatesthat disparities are associated with
varying degrees of pre- and post-eruptive cooling. The
slight but systematic offset of inclusion compositions
in tear samples demonstratesthat minor post-entrapment
crystallization is a consistent feature in juvenile vent
samplesand islikely to have occurred prior to eruption.
The erratic compositional variation of inclusions in
samples of tube flow or vent spatter suggests that cool-
ing during transport within tubes or during sporadic
fountaining of spatter cones may result in rapid growth
of olivine along melt-inclusion walls. Such unpredict-
able variations in compositions of inclusionsin olivine
severely limit their usefulness as a proxy for composi-
tions of juvenile magma, particularly in tube-fed lava
flows.

Ca—Mg relations of included glasses in al sample
types are compared to those of bulk glasses in tear
samples and to other published data on olivine inclu-
sions at Kilaueain Figure 11. The inverse variation of
Caand Mg of thissuite of inclusions defines an approxi-
mate olivine-control trend that is collinear with tear data,
but extends to much lower Ca contents owing to the

Glass Inclusions in Olivine
September 1994 - December 1998

E53-E55 Tears |
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Fic. 11. Variation of CaO with MgO wt% in glass inclusions in olivine of al samples
compared to other Kilauea olivine glass-inclusion data and Episode 53-55 tear glasses.
Thefield of glassinclusions of Kilauea lki samples (dark line) isfrom Schwindinger &
Anderson (1989). Data of Puna Ridge glass inclusions (dashed line) is from Clague et
al. (1995), and the field of Pu‘u ‘O‘o tear glasses (heavy dark line) is from Figure 7A.
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post-entrapment crystallization of olivine along inclu-
sionwalls. Despite this artifact of olivine depletion, the
overal chemical variation of inclusionsin olivine dem-
onstrates the compositional compatibility among all in-
clusion-bearing olivine grains in this suite of lava
samples. Compared to the range of olivineinclusionsin
Kilauea ki tephra (Schwindinger & Anderson 1989),
the data gathered in this study indicate that inclusion-
bearing olivine in erupted samples crystallized from an
initial magmathat was more differentiated than the Mg-
rich Kilauea Iki magma. In contrast, the compositional
array of microlite-free inclusions from Puna Ridge
(Clague et al. 1995) reflects host-olivine crystallization
from a wide range of variably fractionated magmas
erupted along K1lauea's east rift-zone.

The average concentration of sulfur in glass inclu-
sionsis~500 ppm. Sulfur concentration rangesfrom less
than 100 ppm to 1300 ppm (Appendix 1). Sulfur values
in glass inclusions are distinctly higher than those of
host glasses, which usually contain less than 100 ppm
and attain 450 ppm. No correlations exist between sul-
fur concentration in inclusions or host glasses with
sample type, glass temperature or olivine composition.
Inclusionsin type-B olivine have higher average levels
of sulfur than those in type-A olivine, but the range of
sulfur concentration in both typesis similar. An overall
higher concentration of sulfur in glass inclusions rela-
tive to host glasses suggests that, in most cases, the oli-
vine formed in a relatively sulfur-rich or undegassed
magma.

GLASs THERMOMETRY AND OLIVINE=LIQUID
SystemATICS OF TuBE-CONTAINED LAVA FLows

Significant post-eruptive changes in temperature,
crystallinity, and bulk composition occur during trans-
port and emplacement of lavaflows on the surface (e.g.,
Cashman et al. 1999, Sharma et al. 1999). As aresult,
compositional data on distal lava flows cannot be used
to resolve subtle changesin pre-eruptive magmatic con-
ditions. In contrast, lava transported within thermally
efficient tubes is subjected to only minor cooling and
thus retains a better record of pre-eruptive attributes.
Linear decreases in lava temperature with distance of
down-tube transport have been documented at ~1°C/km
during the 1971 Mauna Ulu eruption (Swanson 1973)
and ~0.6°C/km during Episode 48 of the current erup-
tion (Cashman et al. 1994, Helz et al. 1991, 1993).
These rates of cooling are compatible with those im-
plied by theoretical analysis of thethermal efficiency of
lava tubes (Sakimoto et al. 1997, Keszthelyi 1995).
Compositional changes associated with down-tube
transport and cooling of lava can be corrected to vent
conditions, thus alowing the use of lava-tube samples
for interpretation of subtle pre-eruptive magmatic varia-
tions.

Upper-elevation tube samples used in thisinvestiga-
tion were taken at distances of up to 5.9 km along the
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tube system (Appendix 1). As shown in Figure 5B, the
Mg-based glass temperatures of these tube samples are
lower than those for Pu‘u ‘O‘0 tear samples collected
over the sameintervals of steady-state activity. To quan-
tify changesin glass composition associated with trans-
port distance within the tube and thus establish a means
for correcting the glass compositions of tube samplesto
vent conditions, same-day down-tube sampling experi-
ments were conducted during Episode 53 and Episode
55 steady-state activity.

Olivine—glass compositional variations for five
same-day down-tube suites of samples are presented in
Figure 12. Each of these sample suites includes mul-
tiple tube samples collected on the same day at distances
ranging from 3.6 to 9.4 km aong the tube system. In
addition, each dataset includes Pu‘u ‘O‘o tear samples
formed within a few days of each down-tube sample
series. In four of the five sample suites (5/09/96, 5/29/
96, 1/09/97 and 9/03/98), glass temperature decreases
with distance of transport from the vent, at arate of 0.5°
—1.3°C/km (Fig. series 12A; average R?= 0.94). Inthese
four suites of samples, the up-tube projection of tem-
perature corresponds closely to glass temperatures of
tears at the Pu‘u ‘O‘'0 vent (al below 1160°C). These
results are consistent with down-tube rates of cooling
estimated from previous studies. However, in the 09/
05/97 same-day suite, the glasstemperature of Pu‘u‘O‘o
tears (1164°C) is 8°C higher than that indicated by a
linear projection of down-tube temperatures, which de-
crease at 0.9°C/km. Therapid early cooling experienced
by this lava may reflect small amounts of latent heat
contributed by early crystallization of olivine (at
T>1160°C), compared to that of two- or three-phase
crystallization at lower temperatures during tube trans-
port. As shown by Helz et al. (1993), the thermal effi-
ciency of lava transport within tubes is significantly
enhanced by latent heat evolved during crystallization
of trace amounts of clinopyroxene and plagioclase
microlites.

Compositional relations of olivine—glass pairs in
same-day, down-tube suites are evaluated in order to
establish acorrection to vent conditions of the measured
distribution-coefficient for FeO and MgO between oli-
vine cores and host glasses in tube samples. Plots of
measured Fo content of type-A olivine cores versus Fo
calculated from host glass compositions (assuming an
equilibrium Kp = 0.300: Roeder & Emslie 1970) for
same-day down-tube sample suites demonstrate that
olivineretains core-composition integrity during down-
tube transport, whereas surrounding melts become pro-
gressively more magnesium-depleted (Fig. series 12B).
A nominal average cooling-rate of 0.9°C/km for all
same-day down-tube suites is correlated with an aver-
age change in the measured Kp value between olivine
cores and host glasses of 0.002/km. These average cor-
rection-factors are applied to all upper-elevation tube
samples, providing a “vent correction” for measured
glass temperature and olivine-iquid Kp that is depen-
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dent upon tube-transport distance. The average vent-
corrected glass-temperature (Twgo') of Episode 53 tube
samplesis 1154 °C (o = 3.0) and compares to an aver-
age temperature of 1153°C for tear glasses (Appendix
1A). The vent-corrected FeO—-MgO distribution coeffi-
cient (Kp") for type-A olivine — glass pairs in Episode
53 tube samples averages 0.295 and matches the 0.294
average of measured type-A olivine — glass Kp, for tear
samples during the same interval (Appendix 1A). Ap-
plication of the average 0.9°C/km tube-cooling factor
to late Episode 55 tube samplesyields an average vent-
corrected glass-temperature of 1158°C (o = 4.0°) for
thisinterval, which is 5°C lower than the 1163°C aver-
age for Pu‘u ‘O‘0 tear glasses. As discussed above, this
disparity islikely due to rapid crystallization of olivine
prior to cotectic crystallization of microlites below
1160°C. The vent-corrected olivine-iquid distribution
coefficient is only nominally affected by the disparity
in up-tube projection of glass compositions for thisin-
terval. The average Kp" for type-A olivine in Episode
55 tube samples, 0.281, compareswell with the average
Kp for type-A olivine—glass in tears, 0.283 (Appendix
1D).

Kp" values for type-B and type-C olivine core and
glass pairsare similarly vent-corrected for tube samples
collected during Episode 53 and 55 steady-state activ-
ity (Appendix 1). Vent-corrected data for al olivine
variantsin tube samples are combined with similar data
on juvenile vent samplesto provide amore comprehen-
sive assessment of pre-eruptive magmatic history.

CoGNATE ORIGINS OF COMPATIBLE
AND INCOMPATIBLE OLIVINE

Figure 13A displays the temporal variation of mea-
sured vent and vent-corrected FeO-MgO olivine-iquid
distribution coefficients of type-A, -B and -C olivinein
each eruptive phase. The average Kp and Kp™ deter-
mined for 312 type-A olivine — glass pairs in 221
samples is 0.288 (o = 0.01), which is close to the ex-
perimentally determined equilibrium Kp of 0.30 (o =
0.03) of Roeder (1974). Grains of type-A alivine, which
comprise the vast majority of those analyzed, are com-
patible with host glasses and interpreted to have grown
in host melts under near-equilibrium conditions. Values
for Kp and Kp* for type-B olivine vary from 0.145 to
0.273. Theserare, low-Kp phenocrysts are not compat-
ible with host melts, but apparently crystallized from
melts that were hotter and relatively Mg-rich compared
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to those represented by host glasses. Type-C olivine has
values of Kp and Kp' that range from 0.318 to 0.436
and also are incompatible with host glasses, suggesting
crystallization from Mg-poor, low-temperature melts.
The temporal variation in Fo contents of type-A, -B
and -C olivineis compared with olivine cal culated from
host glasses and whole-rock compositions in Figure
13B. The averages of measured and cal culated compo-
sitions of olivinefor each eruptiveinterval are presented
in Appendix 1. As follows from the near-equilibrium
Kp and Kp* values for type-A olivine — glass pairs,
measured Fo contents are only dlightly higher than cal-
culated values, and both measured and calcul ated val-
ues vary sympathetically over time for this entire
eruptiveinterval . Therange of forsterite content of type-
B olivineishigher than that cal culated from host glasses,
but broadly compatible with the range of Fo values cal-
culated for bulk-rock compositions during steady erup-
tive intervals. This compatibility suggests that type-B
crystals could have formed in melts equivalent to the
bulk-rock compositions. Grains of type-C olivine have
incompatibly low-Fo core compositions compared to
equilibrium Fo valuesin their Episode 55 host-glasses.
Plots of the relation between measured and calcu-
lated compositions of olivine and between Kp and mea-
sured Fo content (Figs. 14A, B) delineate the sources of
incompatible olivine crystals to be completely consan-
guineous with the range of magma compositions erupted
during thisinterval, and provide additional evidencefor
magma mixing during and after Episode 54. For Epi-
sode 54 lava, both the most differentiated (Fissure F)
and intermediate (Fissures A—E) lavas contain Fo-rich
type-B olivine that is compatible with whole-rock com-
positions erupted during steady-state eruptive intervals.
These crystals of olivine were probably mixed with
magma from the steady-state rift conduit (see below).
Fissure F also includes relatively low-Fo type-B oliv-
ine, similar in composition to type-A (near-equilibrium)
olivine in magmas of Fissures A—E. Thus during the
Episode 54 event, the most fractionated magma (Fis-
sure F) was a so mixed with melts of intermediate com-
position (Fissures A—E). Type-C olivine only occursin
post-Episode 54 lava. These compositions correspond
to the range of type-A olivine in Episode 54 lavas and
areinterpreted to have been mixed into Episode 55 lava
as fractionated and hybrid Episode 54 melts were
flushed through the eruption conduit. The genetic asso-
ciation of each identified type of olivine with specific
magmatic components erupted throughout this interval

Fic. 12. Compositional variations in glass and olivine versus distance of samples down-tube from the vent (kilometers) col-
lected during same-day sampling experiments. The horizontal scale (distance) is the same for each figure, and linear regres-
sion for distance-variation fit is shown in each diagram. Series A (1-7): Variation in MgO-based glass temperature with
down-tube distance for each of the seven same-day experiments (indicated by episode number and date in each figure). Series
B (1-7): fairly constant compositions of measured type-A olivine cores (in terms of % Fo; filled triangles) are compared to
olivine compositions cal culated from host glasses (assuming Kp = 0.30) (open triangles) with down-tube distance.
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Fic.13. Time-seriesplotsof vent and “vent-corrected” (seetext) olivine-liquid relationsfor samples collected from September,
1994 through December, 1998. A) Variation of Kp and Kp" of type-A, type-B and type-C olivine (symbols shown in legend
are the same as in Fig. 5C). B) Variation in % Fo of measured core compositions for type-A, type-B and type-C olivine

(symbols same as in A), compared with % Forsterite calcul
corrected” glasses (open stars). Calculated compositions of ol

lated for whole rocks (open squares) and for vent and “vent-
ivine for whole rocks, tears and vent glasses assume an equilib-

rium Kp of 0.300, and a vent-corrected equilibrium Kp” is used for tube glasses (assuming a 0.002/km addition to the cal cu-

lated host-glass equilibrium composition).

impliesthat all olivine variants have crystallized within
the active shallow magmatic plumbing system. This
conclusion is supported by the compatible range of com-
positions observed for glass inclusions in olivine (see
Fig. 11).

Despite being incompatible with host glasses, the
cognate association of type-B olivine within the shal-
low magmatic plumbing system is indicated by com-
patibility with the range of bulk-rock compositions
erupted during steady-state activity. There are a num-
ber of good reasonsfor treating steady-state whole-rock
compositions as representative of bulk liquids, from
which type-B olivine crystallized. Whole-rock varia-
tionswithtime are mirrored by variationsin both glasses
and near-equilibrated olivine (Fig. 5), suggesting that

bulk lavais not affected by either assimilation or frac-
tionation of significantly varying amountsof olivine. As
shownin Figure 15A, the bulk-rock variationin Mg with
timeis matched by the addition of 4% of type-A olivine
to their respective host-glasses, indicating that these
magmas have experienced only a small degree of near-
equilibrium crystallization during pre-eruptive transit
within the rift zone. Averages of olivine compositions
calculated for bulk-rock liquids in Episode 53 and late
Episode 55 match the average of measured type-B oliv-
ine cores for each interval, Fogz and Fog,, respectively
(Appendix 1). Finaly, the application of glassthermom-
etry to bulk-rock compositionsimplies an average 30°C
differential between erupted glasses and bulk liquidsfor
Episode 53 and Episode 55 lavas (Fig. 15B, Appen-
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Fic. 14. Measured composition (% Fo) of type-A, type-B and type-C olivine cores plotted (symbols same asin Fig. 15) versus
calculated olivine-liquid parameters delineate sources of incompatible olivine in each eruptive group. A) Olivine core com-
positions are plotted along with calculated % Forsterite for whole-rock compositions (assuming Kp = 0.30) (open squares)
versus % Forsterite calculated for host glasses (using Kp™ = 0.002/km + 0.300; see explanation in text). B) Olivine-core
compositions versus Kp" measured for coexisting olivine and host glasses. Samplesfrom different eruptiveintervals (Episodes
53-55 and Episode 54, Fissures A—E and F) are distinguished in each diagram.

dix 1). Thisdifferencein temperature correspondsto an
independently determined 30°C difference interpolated
from the Roeder—Emdlie olivine saturation-surface us-
ing averaged type-A olivine- glass and type-B olivine-
bulk-rock pairs (see Fig. 7 of Roeder & Emslie 1970).

Discussion

Olivineiquid relations, if correlated in time and
space with the physical behavior of Kilauea volcano
from 1994 through 1998, reveal key aspects of magma
transport and storage within the shallow plumbing sys-
tem that feeds the ongoing rift-zone eruption. K'ilauea's
active summit-to-rift-zone magma conduit wasinitially
established by down-rift dike propagation from the sum-
mit region at the onset of thiseruptionin 1983 (Okamura
et al. 1988). Subsequent near-continuous transport of
magma through this conduit has produced awell-worn,
16-km-long pi peline between the summit magmacham-
ber and the Pu‘ u ‘O‘0 vent. The maintenance of an effi-
cient hydrostatic balance within this shallow magmatic
plumbing system is indicated by deformational signa-
tures at the summit that precede short-term fluctuations
in eruptive vigor during periods of steady-state activity
(Thornber et al. 1995, 1996). Continuous GPS (Global
Positioning System) measurements from June 1996
through December 1998 indicate summit extension and

contraction (inflation and deflation) and broadly corre-
late with temperature and compositional variations of
eruptive products along the east rift-zone for this inter-
val (Fig. 15A). In general, erupted magmas become
hotter and more Mg-rich in response to summit infla-
tion, and cooler and poorer in Mg when the summit
deflates. Sudden and rapid inflation of the summit may
result from either convective overturn of the subcaldera
magma chamber (associated with degassing and rapid
expansion in volume) or from the injection of new
magma into the system. Such events are typically suc-
ceeded by a period of steady deflation until steady-state
hydrostatic pressure is re-established within the sum-
mit-rift zone conduit. Sudden and rapid deflation of the
summit occurs in response to diversion of magmafrom
the summit chamber associated with shallow rift-zone
extension and intrusion events. The Napau Crater erup-
tion in January 1997 was such an event, and was suc-
ceeded by gradual inflation of the summit_until
steady-state activity was re-established at Pu‘u ‘O‘o.
Considering the correlation between eruptive com-
positions and magmatic pressure within the continually
recharged summit-rift zone plumbing system, it isrea-
sonable to infer that uniform bulk-liquid temperatures
during prolonged steady-state activity (averaging 1184°
to 1194°C in Episodes 53 and 55, Appendix 1) repre-
sent temperatures of magma in the shallow summit re-



258

THE CANADIAN MINERALOGIST

Episode 53— gp.E54  Episode55 — g
4 [ T S A U [ N R O QAN e L L = O B B S
; QEFSte dy-Stateigg““ | =t teady-State l 4~
S TN T L et St 11T] . 5
|| || [ RORSS TR | |35
S 8 R i [ || .S
- Hinn é CTEOTTTTITT T e [T 28
= T TULEL LU LT 2
® T W 1S
= IIRRERRRRRRRRRARRRNannd LU TTLLLLL] L o
I i (O
6 | Whole Rock L -,__;!;'.i_i_____;r_AJ_ E
O Glass + 4% Type A Olivine THTETTETETET T T '}-15
| GPS Measurement :!'! i 'l‘l [., n
2
2 SEEEEA!
£ LU
@
= e |
é i
= 1140 11 T[] " (L[t 6
% ] WholeRock AVentGlhlss‘:;:' 1 B
S' 1120 1@ Tube*Glass < Tear Glass -+ s
EENNRENRRRENENEnEnnnansnnnd} 4 L e
95 96 97 98 99
Year

Fic. 15. Time-series plots for samples collected from September, 1994 through December, 1998. A) MgO-based temperature

and wt% MgO for tear, vent and distance-corrected tube glasses (symbols same as those in Fig. 5 for tear, tube and vent
samples) and for bulk lava samples (shaded squares). B) Host-glass composition adjusted for additional 4% of coexisting
type-A olivine (open diamonds) are compared with bulk-lava compositions. Continuous GPS measurement of horizontal
extension of the summit relative to the southern flank of Kilaueais shown as a solid line (plotted as centimeters against the

right Y-axis).

gion. Thusthe near-equilibrium relation of type-B oliv-
ine with bulk liquids suggests that these crystals of oli-
vine grew within the summit magma chamber and were
subsequently included in the rift-zone conduit. Theoreti-
cal and experimental work of Donaldson (1975, 1976)
demonstrates that unzoned grains of eguilibrium oliv-
ine, with morphological development similar to that of
type-A olivine in steady-state lava, grow at rates be-
tween 2.1 and 6.1 X 107 cm st at 10-30°C of under-
cooling. If similar parameters apply to near-equilibrium
type-A olivine in the steady-state pre-eruptive regime,
it follows that these crystals of olivine may have grown
during the 30°C of cooling associated with magma
transport along the summit — rift-zone conduit. Accord-

ingly, an estimate of both transport and cooling rates
along the summit —rift-zone conduit may be made from
calculations of alivine growth-rate. If olivine nucleated
heterogeneously around grains of chromian spinel (com-
monly included by type-A olivine) or around pre-exist-
ing nuclel of olivine, it is possible that type-A olivine
began to grow under conditions at or near the summit
reservoir. With an approximate growth-rate of 5 X 10~
cm s, the average 0.07 cm crystal of type-A olivine
would grow in approximately 38 hours. An average AT
between summit-derived bulk liquids and erupted lava
of 30°C implies an average cooling rate of ~2°C/hour
along the 16-km rift-zone conduit, which is slow enough
to maintain near-equilibrium growth of olivine (G.
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Lofgren, pers. commun., 1999). This calculation of oli-
vine growth-rate also implies that magmais moving at
~2 km/hr through the conduit. The preponderance of a
subhedral morphology of these phenocrysts is consis-
tent with mechanical erosion associated with dynamic
growth and transport in such an environment. An addi-
tional measure of support for the summit —rift-zone con-
duit origin of type-B and type-A alivinesistherelatively
high sulfur content of their glassinclusions, which sug-
gests crystallization in such undegassed pre-eruptive
environments. Although not quantified by detailed dif-
fusion profiles, the development of more extensiverims
intype-B olivine (Fig. 8) isconsistent with intracrystal-
line diffusion produced during rift-conduit transport, as
calculated using parameters and equations of Buening
& Buseck (1973). A first-order calculation suggests a
maximum rim development of ~0.02 mm in 40 hours,
assuming that cooling with transport is approximated
by an average diffusion-coefficient of 2.67 X 10 cm
s between Fog, olivine and amelt in equilibrium with
Fogy olivine.

The January 30, 1997 (Episode 54) event was im-
mediately preceded by sudden shallow east-rift exten-
sion (<2.3 km beneath the vicinity of Napau Crater).
The sudden offset of the hydrostatic balance in the ac-
tive summit — rift-zone conduit system is reflected by
theradical deflation of the summit associated with this
event (Fig. 15A). Modeling of continuous GPS data
encompassing the summit and upper east rift-zone areas
for this interval (Owen et al. 1997) indicates that the
sudden extension within the eruptive plumbing system
alowed the influx and mixing of magma derived from
beneath the summit, from the upper rift-zone and from
beneath Pu‘u ‘O‘'0. The range of relative low-tempera-
ture, fractionated lava compositions erupted during Epi-
sode 54 (Figs. 5, 6) islikely to have been produced by a
mixture of Episode 53 eruption-conduit magmas and
rift-stored magmas that were emplaced beneath Napau
crater during the early phases of this eruption in 1983.
Details of major-element, trace-element and volume
models quantifying this process are beyond the scope
of the present study. However, as outlined above, the
crystals of incompatible olivine present in both inter-
mediate and more fractionated Episode 54 magmas have
a compositional fingerprint of type-A and type-B oliv-
ines of summit — rift-zone conduit magmas and thus
identifies their presence as a mixing component.

In early 1997, before Episode 55 steady-state erup-
tive conditions were re-established, there was a steady
increase of lavatemperature and whole-rock wt% MgO
associated with gradua inflation of the summit (Fig.
15A). Lava issued from sporadically active Pu‘u ‘O‘0
flank vents during thisinterval contains amyriad of in-
compatible olivine phenocrysts (Figs. 4, 5C and 13) re-
flecting a complex mixture of entrained hybrid
components. Crystals of type-C olivine with reverse
zoning have Mg-poor core fingerprints that identify
them as having initially grown in the hybrid fraction-
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ates of Episode 54 magmas. Some crystals of type-C
olivine display complex core—rim relations reflecting a
diverse Mg-poor, Mg-rich and host-equilibrated com-
positional history, whereas others haveincluded plagio-
clase crystallized at temperatures lower than the host
olivine. There are also remnants of reacted Mg-rich,
summit-derived type-B olivine that must have resided
in lower-temperature rift magmas. These incompatible
olivine — liquid relations apply primarily to the post-
episode 54 interval, during which the summit —rift-zone
eruptive conduit was undergoing magmatic re-pressur-
ization. Combined petrological and geodetic evidence
suggests a temperature—composition history related to
gradual flushing of rift-stored components introduced
into the active rift-zone conduit as a result of the Epi-
sode 54 extensional event.

During steady-state activity of later Episode 55, the
hottest lavas of this entire eruption contained the most
magnesian type-A olivine found to date. This finding
may be explained by acombination of factorsinvolving
1) replenishment of the post-Episode 54 deflated sum-
mit reservoir with hotter magma, and 2) development
of amore efficient configuration of the conduit asare-
sult of shallow extension along therift zone during Epi-
sode 54.

CoNCLUSIONS

Olivine-iquid relations of lava erupted by Kilauea
Volcano from 1994 to 1998 provide a petrological
record of summit —rift-zone conduit characteristics dur-
ing intervals of both steady-state and non-steady-state
activity. During intervals of continuous eruption, the
composition of vent lavaand tube lava (corrected to vent
conditions) is restricted to a narrow range governed by
equilibrium crystallization of olivine during shallow
pre-eruptive storage and transport of magma. These
subtle changes in lava composition are influenced by
changesin magmatic pressurethat originate beneath the
summit and are transmitted through a hydrostatically
balanced summit — rift-zone plumbing system. The ar-
tesian-like behavior of this plumbing system suggests
that the long-lived Pu‘u ‘O‘0 eruption is fed by a dy-
namically replenished magmatic “aquifer” that extends
16 km down-rift from the summit magmachamber. The
efficiency of magmatransport within the molten “aqui-
fer” is unknown, but results of this study suggest that
mass transfer may occur within 2 days or less.

Dynamic processes associated with episodic flush-
ing of stagnant rift-zone pockets of magma are docu-
mented in this eruptive interval. In January 1997,
long-term steady-state magmatic effusion through the
rift-zone conduit was disrupted by an abrupt release of
confining pressure associated with ashallow extensional
event beneath Napau Crater. Eruptive fissures issued
distinct compositions of lava and phenocrysts derived
from mixtures of cooler magma, stored beneath Napau
Crater, with hotter, summit-derived components. Sub-
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sequent to the Napau Crater event, progressive removal
of thisrift-stored magma component is documented by
atempora decrease in hybrid olivine-iquid relations.
The gradual change to uncontaminated compositions
derived from the summit magmachamber islinked tem-
porally to summit inflation and associated with re-pres-
surization of the magmatic “aquifer” by a steady influx
of new magma.

Renewed steady-state activity at Pu‘ u‘O'0 was char-
acterized by continuous effusion of the most primitive
olivine-controlled magmas observed thus far in this
eruption, suggesting efficient transport of summit-de-
rived magmato the east-rift-zone eruption. The shallow
magmatic plumbing system associated with this epoch
of shield-building activity at Kilauea Volcano contin-
ues to be hydraulically driven by a seemingly endless
supply of olivine-saturated magma. Barring any struc-
tural displacements within the summit — rift-zone con-
duit that would affect diversion of magma transport
through the east-rift-zone, it appears likely that the 18-
year-old and ongoing eruption of Kilaueawill continue
into the foreseeable future.
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Appendix 1A - Episode 53 (Steady-State): Averoged Glass, Olivine, Inclusion and Whole-Rock Chemistry

Pu'n "' Tears - %0634 to 122997 Upper Elevation Tuhe Samplcs - 9/22/94 to 1/23/97
Sampl: Numbers: KES3-1333T to -1846T Sample Nurnbers: KES3-135361 to -1 842F
GLASS GLARS
940 samples, 10 analyses cach TE samples, 10 unubyscy cach
Avg StdDcy Min Max AVE StdDev  Min  Max
0, 5138 o048 S048 5245 5143 057 4951 5251
ALZO3 1346 021 1225 1390 13.52 048 1255 {402
Fe(h 1092 @11 177 1123 10.9%6 043 1067 1132
MgQ 690 o016 £S89 M &7 0I5 651 T0
Cal) 1095 o1 058 1L iled 413 1064 1142
Na20 I35 00 105 2.8l 237 008 218 269
K20 043 002 038 046 43 002 038 047
Ti(32 242 006 22F 255 244 007 230 264
208 024 on 0.zl 027 24 002 020 028
MO 06 001 012 0lg k6 001 014 018
Trtal 9027 99.30
Sppm. bdl 336 bdl pri]
MgO T{*C) 1153 3 146 116D 1150 3148 1187
Cale Fo B 03 THR 813 86,3 04 702 HL]
Acimal Tube Distance 4.3 11 0.8 3.9
Vent Corrected T("C) 1154 3 114B 1160
Vent Corrected Calc FO* H0.8 04 M7 A1s
TYPE A OLIVINE C{ORES TYPE B OE1VINE CORES TYPE A OLIVINE CORIS TYPE BOLI¥1NE CORES
60 cores in 42 sumples 2 cores in 2 samples i pores in 67 samples 6 cares in 6 samples
Avg StdDev  Min  Max Avg  SwDev  Min  Max Avg StdDev  Bie  Mas Avg SulDey  Min Max
Sz 356 047 3826 4046 3T3 003 327 NTe M43 0¥3 3625 4033 ISR 030 3953 134
Fe L7.97 D3% 1697 1800 16.12 033 1579 ledd 17.7% 033 1669 1855 1504 045 1541 1663
MgO 42.49 06T ADSH 4370 43.67 031 4336 4309 4260 0358 4100 43@2 4454 (43 4302 45.15
Cul) .26 0.0 023 s b33 GG 023 .23 027 o2 023 04T 0.24 04 022 0.26
Muo(} h23 nor  01% 028 h22 n.oL 0.2l 022 023 e 095 02 020 o002 0l6 0zxz
Ni» 19 o2 018 0.22 034 w0z 011 023 024 003 Q21 130
Total 100,70 9996 146 101.14
% Fo By 04 00 820 528 0.4 B25 232 8L1 04 okl B2 B33 05 825 k]
Size () 463 032 02 200 {455 0os 050 e 273 03z 010 200 060 @10 Q05 Q.70
OlLig EEF 0294 0006 0272 03058 0250 0606 0245 0257 0286 0008 0263 0297 0246 0013 02H 0.264
Yent Corvected KD* 0295 o0DdG 0275 009 026 0012 0.2 0ars
TYPE A OLY INCLUSIONS. TYPE B OLY INCLUSIONS TYPE A OLV INCLUSIONS TYPE B OLY INCLUSIONE
11 inclusions in 10 samples 1 inelusion in 1 sample 43 inclusions in 50 samples 2 inclusions in 2 sumples
Avg StdDey  Min  Max Avg A¥g Sidley  Min  Max Avg SudDev  Min Max
502 51.57 3% 507E 5233 52,22 5.2 671 4921 s228 5107 024 5083 34
ALZO3 1353 013 1337 1377 1373 1366 024 1309 1432 1337 007 1330 13.44
FeOt 1103 022 1068 1137 10.77 1053 022 1051 164 1109 Doz 1107 1L11
MgO 671 015 s46 593 6.44 649 035 50 439 647 032 615 678
Calr 10,95 17 1071 1131 10.87 1.7 032 071 123 1094 0.2 1082 1095
Na2( 237 005 .29 2.4 3 235 008 101 248 129 0.03 2% 232
K20 043 002 041 D46 n.43 B42 002 036 045 D42 0ot 04l 042
TiOZ 243 006 1M 2.54 249 243 006 229 256 248 0.06 24k 253
P05 024 003 019 228 030 425 003 018 032 025 o0l 024 026
MO 017 o002 014 Al 0.24 & o0z o013 00 18 [H ] ol? LIR%3
Total 9943 9982 Y16 9353
Sppm 353 ) 168 461 437 are 9 T2 9E1 200 178 112 464
MO T("C) 1149 3 144 1154 1143 1144 T 12F 1152 1144 & 1138 115}
Cale Fo 801 03 795 04 TaE 06 10 766 AT T3 i 764 &7
Oivinc Kb 0283 G008 0277 0299 0252 0275 0016 0218 02wl 0246 0034 0212 0279
WHOLE ROCK (XRF) WHOLE ROCK (XRF)
& samples 102 samples
Avg SulDey Min  Max Avg StiDev Mie  Max
Ri02 3039 a0 5051 50 5061 010 5036 SLDi
AlLMOA 1312 12 1285 1333 1319 G155 12E7 1354
Felt 1161 007 1152 1LT2 HS50 008 1119 1160
Mag( B49 028 798 B.21 847 024 764 900
Cal 1081 008 1064 10590 1083 o0 1066 1104
Na20 213 .02 AN 216 215 o4 206 230
K10 42 0.0 641 43 042 00} 040 D44
TIO2 242 003 237 246 240 003 232 247
P205 25 a0l 024 026 026 o0 um 028
WM 017 G0 0l7 Iy 0317 000 1T Dy
Total 100.06 100,00
MzO T{°C) 1185 & 1174 1% 1184 5o1es 1w
CalcFo 828 45 &L&  H3S .5 E ] 03 22 HLT
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Appendix 1B Eplsnde 54 (Nonstendy-State):  Averaged Glass, Ofivine, Incdusion and Whole-Rock Chemistry

Napau Fissure A,B,C.D.E - 1130497, 0200hrs to 1830hrs

| Napau Fissure F - 1397, 2140krs to 2/1/97 0030hrs
5

Sample KES4-15485 ta - 15605 Numbers:  KES4-186LF 1o -18698
GLASS GLASS
5 samples, K analyses each 5 samples, L0 analyses each
A¥E SuDey  Min  Max Avg Sudlley  Min  Max
Bi2 51.08 029 50EF 5568 513 025 505 5L
Al2O3 13.24 026 1250 {365 1267 026 1243 1302
Fe(n 1183 026 1157 1220 1258 020 26 1274
MgO 597 020 567 616 514 01> 487 54
Cal} 03 01T 985 1036 918 013 908 93§
Na2> 2658 007 156 14 288 005 L7 2m
K2 a3 00z ge0 067 08} 002 076 082
Tin2 315 013 304 3.4t 384 QIR 151 404
P03 034 00l 032 036 043 00z 041 gas
Mo 017 a0l Q.15 O.t8 01E 001 hle 019
Total Wy E03
Sppm hdl 236 bdl 136
MeO T(°C) 1134 4 1128 113 1117 4 1112 1122
Cale Fo ThY 10 154 7Y T30 in s 747
Actual Tah: Distance
Yent Corrected T{C)
Vent Corrected Cate FO®
TYPE A OLIVINE CORES TYPE B QLIVINE CORES TYFE A OLIVINE CORES TYPE B OLIVINE CORES
Ecores in 5 samples t o in | sampke 3 cores in 3 sarmples 6 coret in 4 samples
Avp SidDev Min  Max Avy AvE SulDey . Min Max Ave Suiley  Mm Max
8§02 312 034 3354 3963 984 38852 027 314 T2 A3 04T 33ER 4028
Feld D02 134 1851 2235 1514 2299 145 2184 2501 17.26 225 1450 1968
MgD 40.62 188 3683 42355 45.06 3854 1.4% 3646 3285 43.03 219 413 45
Ca0 035 0ir 024 062 023 L. T T3k 0.21 .12 025 002 02 027
MnO 026 002 024 429 19 030 o0l 02 0 032 o002 018 02§
Ni(» 017 003 011 i34 ] 22 bhid om2 an 17 0.z 005 013 028
Total 1454 100.67 104.75 105.5%
% Ko 783 18 46 BOS 84.1 4.9 19 722 S 81.6 27 B4 Bdé
Size (mum} [[NF] 0os 001 025 .20 LM 07l 050 200 023 ©0IlBE 005 050
OlLig KD 0262 0003 0257 0277 0.195 D280 D021 0254 0306 0182 0029 015 ONE
Vent Corrected KIW
TYFE B OLY INCLUSIONS
2 inclusions in 2 samples
Avg StdDey  Min Max
5i02 5244 052 51461 5248
AIZO3 1451 0.0f 1433 1469
FeOt LT S W R R 61
Mg 5465 014 551 579
Ca0Q 1141 002 1139 1143
NalD 249 013 236 161
K20 D44 00 o044 O
TiO2 242 0o 241 242
P205 0.24 Loz 022 025
MnO .16 o 016 6
Total 49.28
Sppm 1029 g WM 1037
Mg T('C) 1128 11125 11
Cale Fo 708 ol eI 790
{Mvfine KD 021% 0001 0213 0220
WHOLE ROCK (XRF) WHOLE ROCK (XRI"
13 samples 2 sumpley
Avg StdDev bin  Max Avg StdDey Min  Max
S0z 5092 Q06 S0ET S04 5L 008 5112 5129
AL2O3 13.8% 006 1377 1397 1372 00 1369 1379
FeOt 1170 007 1164 1154 1205 o004 1199 1213
MpQ 638 008 627 654 B0 006 571 A0
Cay k44 006 103F 1055 873 ons uET Bl
Naz2O 252 002 2438 233 272 002 269 276
K20 o0 001 G057 D6l [ Ara | 0.0 068 073
TiO2 .00 o 283 3406 3de oia 337 331
ROs L% YT IR R 043 000 042 043
Muoi} kI7 e a1T a7 017 o @lF o7
Total 100 00
MO T{"C) 1142 2 {140 . 1145 mn 11129 1%
Cale Fo 783 43 TR 78T TH.O n:  TRE 63
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Appendix 1C_Early Episode 55 (Nonsteady-State):

Averaged Glass, Olivine, Inclusion and Whole-Rack Chemistry

265

Pu'u O'o Flank Vents - 33197 to 7/29/97
Sample Numbers; KESS- 15708 to - 1910F

TUpper Flevation Tubes Samples-7A1 L5997 & 801497
Sample Numbers: KES5-L¥HF & - 191 1F

GLASS
2 samples, 10 analysas sach
Avg SeiDev  Min  Max

SiG2 51.53 031 5033 5LER
ANZOA 1310 ¢l10 1347 1386
Fet 1099 317 1064 1133
MzO 676 012 632 T4
CaQ 66 017 1034 ]099
Na2{} 241 0dF 22H 256
K20 043 002 018 045
Ti02 245 e 237 257
P205 0.24 o0l 022 027
WM nis g0l LR 0.k8
Total U5

Sppm bdl kadl
MgO T¢C; 1150 2 1145 1156
CalcFo 503 04 795 311
Artual Tube Distance
Vent Corrected T{°C)
Veni Correcled Cale FO*

TYPE A OLIVINE CORES
20 cores in LE sanples
Avg StdDev Min  Maux

Lr 368 26 3R9T  ADOR
Fe(r 1749 036 lode 1804
MgO 4300 036 4221 4357
Ca0 026 G0l 02 DA
MnO 023 G0l 020 026
NID 019 Q02 415 023
Total 1HL84
& Fo 814 04 HOE KD
Size (mm} 075 @42 024 200
OlLig KD 1282 0010 0264 0305

Yent Corrected KD?

TYFE A OLY INCLUSION
14 inciusions it 12 samyples
Avg StdDew Min  Max

5i02 SL¥  05F 4906 521
ALM3 138% 020 1355 W27
Fe(H 1095 032 1063 1135
MgO 640 025 3% 67
Cal 1042 4322 104%  113]
MNa2ly Tl T 1% 251
K20 042 00 057 0.45
TiO2 238 006 2.2¢ 251
P205 026 e 022 DA%
MoQ» 016 002 02 L2
Tatal w13

Sppm 602 331 B2E 1AM
MgO T°Cy 1143 5 L34 1150
Calc Fo o4 nE TTE BT
Olviine KD G166 Q014 UG 02N

WHOLE ROCK (XRF)

18 zanaples

Avp 5tdDev  Min Max
502 5084 006 5074 304
Al203 133 o1l 1312 138
et L4 005 1134 1157
MgO 785 o 765 3.33
Caly T TIE 7. S S ]
Na2id 20 0 218 227
K20 041 0 039 D42
Tig2 241 45173 236 243
P205 128 ooz ez 0n
Aindy 417 o 81T 07

Total 106

Mgl T"C) nn R T ET)
CalcFo B2.1 0. 3G 528

TYPE B
1 oo

Avg

15.60
45,18
023
1.18
0.24
10148
838
0.73
0241

{1.ASN

2 sumples, 10 apalyses cach

Avg StdDev  BMin Max
SLE7T Qa2 5145 5164
1366 002 1357 1375
1L ot I0ys 11.16

670 004 BEE 635
10.6% 028 104l 1057

47 o0l .46 247

040 403 DR .43
245 a0l 144 246
[ 11 TR Bx] 24
wils a0l 0,16 a7
940
bl bl
1149 1 L1438 11350

806 0l 800 &1

2.9 0.5 Zl a7
1152 I L3 1152
0.3 01 802 &2

TYPE A OLIVENE CORES
3 cumes in 2 samples

Avg Sddev Min Max
AN 013 352 38R0
1703 036 1674 1754
4568 024 43 43.R9

27T o 026 0.30

021 0fx  ow .24

w18 001 017 0.20

101.08

7 | 04 i 524

062 030 020 040
1263 0006 0258 0272
0262 0OOE 0265 D.2R6

TYFE A OLY INCLUSHON
1 imclusion in | suruphs
Avg
51.3%
1397
1120
G4
10,75
251
a3
242
h26
n17?
.74
932
13147
™7
0267

WH{LE ROCK (XRF)
2 samples
Avg SwDey  Min Mix
5075 005 ST00 Sn79
1321 4 1347 1323
1149 002 1147 6152
522 017 EAOS %)
150 004 1086 0
218 o005 213 elvx ]
ndl o {40 041
LIT oL 234 2.3
2.3 oo 050 030
17 [ERL1) 17 .17
1
1179 I 1183
82.5 [FEI 5] B2

TYFE E OLIVINE CORES

2 corcs in 2 samples
Avg SudDey Min
4.2 002 4018
1478 039 1440
4572 0S50 4522
021 oo 0.7
0.26 007 ols
021 006 DS
101.34

84.7 0E B4.2
033 033 1
0218 ood G20
0226 Q008 0218

Mlax
4020
1510
46.20

w3z
026

852
055
0.226
a4

TYPE C OLIVINE CORES

Avg
4 |
.73
473

029

0.27

013

105

778

016
0.345
0.383

3 codes i 2 samples

SufDey
037
)
153
4213
03
K1)

1%
005
0036
0036

Min
3240
19.28
F0

26

.23

@11

153
LN LI}
0340
0318

Mux
3929
2113
420

052

0.31

o

0.5
613
0395
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Incl

Appendix 1D Late Episade 55 (Steady-State}: Averaged (rlass, Olivine, I

and Whole-Rock Chemistey

Puo'u "3 Tears - %1897 to 1/19/98
Sample Numbers: KES5-1921T w -2083T

Yems - W1&97 1o 11419798
KESS-19625 to -NI3HE

Upper Elevation Tube Sumples - $2297 to 14799

Sample Numbers; KESS-1917F (0 -2080F

RLASS GLASS CLASS
38 saroples, 10 analyses cach F sampled. 10 analyses each 56 sunples, 10 analyses cach
Avp StdDev  Min  Max AVEStiDevy  Min  Max Avgitdley  Min Ma
BI02 5131 027 5067 Fl4t 020 5408 51T S 040 002 5215
A1203 1341 00 13l 1343 009 1332 1336 1354 016 0.04 1340
FelOt 1081 21z 1042 1045 o011 W& IL0f 10801 017 0IL 11
MgO T4 i3 712 73% 047 26 T4 695 013 004 722
Cal W77 02 1019 1081 411 1068 1096 1089 02 028 1118
NalQ 236 0407 208 237 03 132 z4l 241 005 401 247
K20 G40 02 0% k4l 0400 041 D4l 040 ooz 003 043
THI2 238 04 2 240 002 136 242 241 004 001 247
F205 023 001 0420 N2 e 02 025 n23 0m 00k 025
MnO 016 001 015 BIT 04 015 g hi6 000 001 003
Total 949.33 M55 .15
Sppm 102 29 bdl b4 hdl bl bl 228
MgO T*Cy 1163 3 1157 10468 1163 1 160 1184 1154 3 1148 1159
Cak Fo g 03 B2 823 515 3 812 310 309 03 B00 816
Actual Tube DMstanrce 45 06 08 51
¥ent Correcied T(5C) 1158 3 1151 1163
VYent Corrected Cak F(* fld 04 08 221
TYPE A OLIVINE CORES TYPEH | TYPE A OLIVINE CORES TYPE A QLIVINE CORES TYFPE B OLIVINE CORES TYPE C OLIVINE CORES
34 Cores in 28 Saripdes 1wl i3corey in 4 samples 90 cores in 56 Ramples A eowes in 3 samples 4 comes in 4 sumples
AYE Stdlev  Min  Max AVESWDey  Min  Mas A¥gidbevy  Min Max Awg SuiDev Min Bax AvgSedDey  Min  Max
502 %64 056 66H 10 30ET 307 030 3932 403 3057 034 3B67 9038 40.67 037 359 4042 3006 021 3BR4 3043
Fel 1653 056 1576 1517 1493 16.79 020 1646 17.19 1678 050 15.15 17.92 14.42 072 1348 1522 1998 23 1129 1337
MzO 4405 053 4230 4501 4534 | 440 060 4338 4337 4407 043 43,16 4520 4557 056 445 4642 RS54 66 3937 43.19
Cald 026 003 023 034 04 025 oz 6712 028 025 Q02 016 020 023 w00 G622 023 024 02 021 w26
Mny 022 00z 016 027 020 022 0o 69 024 022 002 019 037 1 G0z OuE 020 026 006 018 035
MO 02 002 0% 027 s 022 002 LY 035 421 003 017 0zR 17 3 G4 021 017 03 0la 0t
Total 10121 10086 | 101.64 Wiid 05,04 101356
% to ) 06 BLT  BAS 34 323 i 8240 HZ8 824 056 513 343 85.0 08 Edl 36D 78T 6 TE0 818
Size (man) &3 03 06 050 023 03 048 QUi 200 069 037 010 200 080 iR G060 LID 079 042 025 1N
OlLig ED T.289 0009 0266 0317 0239 DIR3 0006 4.277 0204 0.27F 0010 0.235 0.291 0223 0k 0204 0238 0356 0032 0304 0435
Vent Corrected KD¥ 1281 0000 025 03 0233 008 0214 0245 0339 045 0306 0436
TYFE A OLY iNCLUSION TYPEH | TYPE A OLY INCLUSION TYPE A (.Y INCLIISION TYPE R OLV INCLUSTHONS TYPE C OLYV INCLUSIONS
10 ioclusivos i B samples iinl 4 inclusions in # sumples 54 inclusions in 46 samples F inclusions in § samples 1 wclusions in I saaples
Avy StdDev  Min  Wax Avg StdDev  Min  Mas AvgstdDey Min Mux Avg StdDev  Min  Max AvgSudDey Min  Max
R0z 5145 434 5095 5203 SLOM | 5138 046 03¢ 5204 SLAD 053 5013 5228 5230 074 5114 5i3y SLEP o006 513 519
AlZO3 1541 023 1307 1293 1395 1360 013 1326 1392 1377 Q7 1344 1432 14.23 025 1385 468 1390 O0R 1382 1AW
FeDt 1084 038 1035 1123 1047 | R4 009 071 1095 066 04l G4 17 14 07E E1S W2y 163 o7 953 1L
MgO 715 024 651 755 AT 693 025 A47 12 H58 043 527 T3 642 053 563 GBE TOF Loy T il
Cal} 1065 029 1024 1106 1998 114 012 1100 11.32 1.1 030 1050 1199 14 029 1100 (183 IL1® 622 1087 1140
Na2O 243 004 226 253 LD 232 008 22 242 LAt DOT LIS 266 249 003 246 254 242 04 238 246
K20 039 002 035 043 edd 041 001 D40 D42 040 603 032 Ddd 039 002 037 042 042 043 039 Das
™2 23 007 228 2% 33 241 Q068 229 2s)1 241 o0Dd 10K 256 242 0l 224 263 47 003 244 249
PAOS G2 G 006 B2 AR 023 042 G2 D26 024 003 018 D31 024 oz 02z 4z 020 oM 0ls 0
Mni} 017 4 1S klE a7 LN I R Y B 016 002 013 00 0.15 0oy 012 41w a6 03 012 09
TFatal .08 9917 99390 .02 9.2 101
Sppm AR 12 166 TAT T3 425 M9 100 BH E10 0 40 1193 £04 207 S00 134 413 £ 4 42
MgO Ti"C) 1158 51045 1166 1162 1153 & 1144 1150 1146 9 1120 1157 1143 11 1127 1152 1156 1 1155 1157
Cak Fo 43 UL T TR v i) 87 Bl.1 42 HD7 BlA BE L] TRZ R4 £1.0 26 TE4 BE 3.9 1.3 366 832
OhInc KD 0.272 0011 0252 0285 0265 0275 O0UE 0263 0283 02% 0.020 0.212 0.202 0264 0037 0216 0323 OA8S 0052 0351 Q48
WHOLE ROCK (XRF) WHOLE ROCK (XHE)
T tarples 4 summples
Avg SuDer  Min Max AvgidDey  Min Max
5102 50.53 007 Shad SO6E 50,53 03 4098 50T
Al2O3 1313 010 1287 1327 17 016 1289 L34S
Fetn LAY s 113 14w ELAZ  0dw 1130 1Lt
MgO 910 0.0 895 ¥ 881 0231 RI2 O}
Caly 1054 004 1045 1060 LG 007 1046 1093
NazO 214 003 10 Zi9 114 oM 207 222
K20 040 0ol 039 D4l GAL (M 020 043
THOZ 231 o2 229 23 234 005 12 139
PUDS 029 oM 03 8l 029 o0z 036 032
MnD 017 0o 6y a7 017 G0 w7 01
Total 10000 029 GHOT Sy TORDE 1156 100 WKREN
Mg T(*C) 1197 T OIH 1200 1193 ERRSIE T ]
Cak Fo Bd1 i1 H3Y  H49 BAE 63 &12 mds



