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Oceanic island basalts have a large range in d18O values (4·5– INTRODUCTION
7·5‰) compared with the assumed primordial mantle values A 1996 conference on ‘shallow level processes in ocean
(5·5–6·0‰) and with mid-ocean ridge basalts (5·7 ± 0·2‰). island magmatism’ drew attention to the controversy that
Some Hawaiian tholeiitic basalts have low 18O values (4·6–5·2‰), is developing on the possible extent of crustal con-
which have been interpreted to be either a primary source feature or tamination for oceanic island basalts (Bohrson et al.,
caused by crustal contamination. This study was undertaken to 1997). This controversy is important because most studies
evaluate the cause of low d18O values in Hawaiian tholeiitic of oceanic island basalts have assumed that these lavas
basalts. We determined the d18O values of glassy matrix material provide a direct indication of the geochemical and iso-
and coexisting olivines from pristine basalts produced during the topic composition of mantle (e.g. Zindler & Hart, 1986).
current, 14-year-old Puu Oo eruption of Kilauea Volcano. Our This assumption has been questioned in several recent
results show that the Puu Oo eruption lavas have significant ranges studies (e.g. Eiler et al., 1996a; Thirlwall et al., 1997) and
in matrix (0·7‰) and olivine d18O values (0·5‰) which do not it has been suggested that even the most primitive basalts
correlate consistently with other geochemical parameters and that from some oceanic islands were contaminated by crustal
many of the lavas are out of oxygen isotopic equilibrium. These materials (e.g. Hemond et al., 1993). Resolution of this
features probably reflect partial assimilation of and oxygen exchange controversy will have fundamental implications for our
with metamophosed Kilauea rocks during the magma’s 19 km transit understanding of the magmatic history of oceanic island
through the volcano’s east rift zone. The parental magmas for Puu basalts and for the composition of the mantle. Oxygen
Oo lavas had a d18O value of at least 5·2‰ and perhaps as high

isotopes are a potentially powerful tool to help resolve this
as 5·6‰. Thus, Puu Oo lavas do not give a clear indication of

debate because d18O values of magma can be substantially
the d18O value of Kilauea’s mantle source but they do indicate that

modified by assimilation of rocks that have interacted
the oxygen in these otherwise pristine basalts has undergone significant

with the hydrosphere (e.g. Taylor, 1974).
modification by interaction with crustal rocks.

Many oceanic island basalts have d18O† values some-
what below the assumed mantle range, based on studies ofKEY WORDS: Kilauea Volcano; Hawaii; oxygen isotopes; Puu Oo eruption;

crustal contamination mantle xenoliths and lunar rocks (4·6–5·3‰ vs 5·5–6·0‰;
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e.g. Taylor & Sheppard, 1986; Mattey et al., 1994; because olivine is the liquidus mineral in Hawaiian
tholeiitic magmas (Wright, 1971) and it is thought to beHarmon & Hoefs, 1995) and mid-ocean ridge basalts

(MORB; 5·7 ± 0·2‰; Ito et al., 1987). Many of these resistant to oxygen exchange, even at magmatic tem-
peratures (Cole & Ohmoto, 1986). Thus, the olivineoceanic island basalts are mafic (>6·5 wt % MgO) and

display no obvious signs of crustal contamination (Garcia analyses should provide a good record of the early oxygen
isotope history of Puu Oo magmas.et al., 1989b). Thus, it has been argued that the mantle

is heterogeneous in d18O (Harmon & Hoefs, 1995), which Our results for Puu Oo lavas show a temporal variation
in matrix d18O values (4·56–5·25‰) that correlates withwould make recognition of crustal contamination more
changes in vent location and eruption style. A sharpdifficult. Correlations have been noted between low d18O
increase in matrix d18O (~0·4‰) occurred following suchvalues of olivine and whole-rock ratios of 206Pb/204Pb in
a change but the d18O of the coexisting olivines decreasedHawaiian basalts, which have been interpreted to reflect
slightly. The small difference between d18O for olivinesassimilation of hydrothermally altered oceanic crust (Eiler
and host matrix [D(ol–m)] in many Puu Oo lavaset al., 1996a). The same correlation for clinopyroxene
(>–0·4‰) is indicative of disequilibrium. Thus, althoughand whole rocks with low d18O values from the Canary
the Puu Oo lavas are pristine and have no other apparentIslands has been related to either recycling of ancient
geochemical evidence of crustal assimilation, the d18Oaltered oceanic crust or crustal contamination (Thirlwall
disequilibrium records the effects of crustal contaminationet al., 1997). Therefore, the role of crustal contamination
and oxygen exchange, which occurred after the crys-in oceanic island magma petrogenesis is equivocal based
tallization of some of the olivine crystals. Our resultson these previous studies.
indicate that caution should be exercised in interpretingHawaiian tholeiitic glasses have yielded a considerable
low d18O values for basalts (<5·0‰), especially withoutrange of d18O values (4·6–5·8‰; Kyser et al., 1982; Garcia
oxygen isotope data for coexisting minerals, and that timeet al., 1989b, 1993), which overlaps with the range for
series studies are important for interpreting geochemicalMORB. Some of the low d18O values are for submarine
processes.Hawaiian tholeiites that apparently assimilated hydro-

thermally altered crust because these rocks have elevated
dD values (–33 to –52‰ vs mantle values of –60‰ to
–96‰; Kyser & O’Neil, 1984), boron concentrations and

BRIEF HISTORY OF THE PUU OOd11B values (Chaussidon & Jambon, 1994). These lavas
ERUPTIONalso have obvious petrographic signs of assimilation and

complicated magmatic histories (Clague et al., 1995). The Puu Oo eruption started in January 1983 (episode
There are, however, submarine Hawaiian tholeiitic lavas 1) and is continuing vigorously with typical eruption
with a range of d18O values (4·9–5·8‰) and mantle-like rates of (0·3–0·5)× 106 m3/day (Kauahikaua et al., 1996).
dD (–61 to –88‰; Kyser & O’Neil, 1984; Garcia et al., Between 1983 and the end of 1996, the eruption produced
1989b). Thus, the large variation in d18O values for ~1·5 km3 of lava (dense rock equivalent). The initial
these Hawaiian tholeiitic glasses apparently supports the episode of the eruption formed a ‘curtain of fire’ along
interpretation from other isotopic work on Hawaiian an 8-km-long, discontinuous fissure system which inter-
tholeiites (e.g. West et al., 1987) that at least two iso- mittently produced lava for 20 days (Wolfe et al., 1987).
topically distinct reservoirs are present in the source for During the next 3·5 years (episodes 2–47), eruptive ac-
Hawaiian magmas. tivity was episodic with repose periods of 8–65 days

We embarked on this study to evaluate whether the during which magma accumulated and fractionated in
oxygen isotope variation in fresh Hawaiian tholeiitic a shallow reservoir under the Puu Oo vent (Fig. 1). These
basalts was indeed caused by mantle source heterogeneity eruptive episodes were usually short (5–100 h) with lava
or crustal contamination. To simplify this effort, we fountains of variable height (tens of meters to 400 m
focused our attention on the pristine basalts from the high).
current Puu Oo eruption of Kilauea Volcano on the In July 1986, the site of eruptive activity shifted 3 km
island of Hawaii. This eruption is the best studied, longest down rift to form the Kupaianaha vent (Fig. 1), which
lived (14 years and continuing), most voluminous (~1·5 was nearly continuously active for 5·5 years (Garcia et
km3) and one of the most compositionally variable (5·7– al., 1996). A 56 m high shield was formed at this site
10·1 wt % MgO) historical eruptions of Kilauea Volcano. before the locus of eruptive activity switched back to the
Unlike most previous studies on oceanic island basalts, flanks of the Puu Oo cone in February 1992 (Kauahikaua
our approach was to determine d18O values of both glassy et al., 1996), where it has continued to erupt up to March
matrix material (95 to >99 vol. % of these rocks) and 1998.
olivine (0·1–3 vol. %) for all the compositional variants The Puu Oo eruption lavas display substantial geo-
from this eruption and to check for temporal variation. chemical variation reflecting the combined effects of

crystal fractionation and magma mixing within the eastOlivine analyses are a critical component of this study
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Fig. 1. Hypothetical cross-section of Kilauea’s summit and east rift zone showing the inferred magma reservoir system for the Puu Oo eruption
based on seismic and petrologic data (after Garcia et al., 1996). The d18O values are shown for the matrix from Puu Oo eruption lavas (Table 1),
HGP-A geothermal well cores (Smith & Thomas, 1990), the 1977 eruption magma (as represented by sample 1-39 erupted in 1983), and the
matrix from six summit lavas erupted since 1924 (E. Ito, unpublished data, 1997). Groundwater and summit condensate d18O values (Hinkley
et al., 1995) are also given for comparison. The d18O value of Kilauea parental magma is unknown at this time. Oxygen isotope exchange with
and assimilation of hydrothermally altered Kilauea lava is interpreted to have occurred during periods of slow magma migration through the
rift, especially from 1983 to 1986. Distances from the summit are given for the Puu Oo vent and the HGP-A well locations; the two breaks in
section along the rift zone should be noted.

rift zone of Kilauea, and progressive melting in the 1997) and the eruption’s entire compositional range
(5·7–10·1 wt % MgO). Most of the samples from themantle source (Garcia et al., 1992, 1996). The lavas from
first half of the eruption were collected from surface flowsthe first three episodes of the eruption are evolved (whole-
within 300 m of the vent (see Table 1). Later lavas wererock MgO of 5·7–6·6 wt %) and contain phenocrysts
collected farther away from the vent because the lavaand microphenocrysts of plagioclase and clinopyroxene,
was confined to inaccessible lava tubes near the vent.in addition to olivine (Garcia & Wolfe, 1988; Garcia et
Samples from the early part of the eruption are from theal., 1989a). Later lavas are more mafic (7–10 wt % MgO)
sample collection of the US Geological Survey’s Hawaiianwith few or no plagioclase or clinopyroxene crystals but
Volcano Observatory; they are labeled according to thesparse to common (0·1–3 vol. %), small (usually <1 mm)
episode of eruption (first number) followed by a uniqueeuhedral olivines. Some of the early eruptive episodes
sample number. The other samples are from the Uni-produced a wide range of lava compositions (e.g. 2 wt
versity of Hawaii Puu Oo collection and are labeled% variation in MgO) during brief intervals (<24 h for
according to the date of collection, which probably isepisodes 30 and 31) reflecting extreme crystal frac-
within a day of its eruption.tionation in a shallow magma reservoir (Garcia et al.,

All of the Puu Oo lavas analyzed in this study are weakly1992). The parental magma for this eruption is estimated
phyric, with only 0·1–3·0 vol. % olivine phenocrysts andto have had ~10 wt % MgO based on olivine forsterite
microphenocrysts. Thus, the matrix d18O analyses arecontents; this is also the MgO concentration of the most
probably analytically indistinguishable from the whole-mafic Puu Oo lava (Garcia et al., 1996).
rock d18O values. Whole-rock major and trace element
analyses for most of the samples examined in this study

SAMPLES are published (Garcia et al., 1989a, 1992, 1996). Nine
The 24 samples selected for O isotope analyses (Table 1) additional samples are included in this study; whole-rock

analyses for these samples are presented in Table 2. Fourcover the first 14 years of the Puu Oo eruption (1983–
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Table 2: XRF whole-rock analyses of some Puu Oo lavas

Sample 30-358 31-364 6-Jun-92 29-Dec-92 13-Aug-93 25-Apr-94 27-Apr-95 19-Jan-96 10-Jan-97

SiO2 49·88 49·92 49·63 49·57 50·12 50·16 49·92 49·32 50·10

TiO2 2·48 2·46 2·35 2·36 2·39 2·44 2·37 2·23 2·35

Al2O3 13·27 13·36 12·68 12·69 12·96 13·27 12·91 12·17 12·98

Fe2O3∗ 12·23 12·25 12·49 12·42 12·51 12·42 12·57 12·90 12·46

MnO 0·17 0·17 0·18 0·18 0·18 0·18 0·18 0·18 0·19

MgO 7·55 7·64 8·94 8·80 8·41 7·71 8·40 10·14 8·33

CaO 11·01 11·08 10·59 10·52 10·76 10·93 10·63 10·15 10·74

Na2O 2·17 2·19 2·11 2·22 2·14 2·45 2·15 1·87 2·08

K2O 0·44 0·45 0·42 0·42 0·42 0·43 0·41 0·39 0·40

P2O5 0·25 0·24 0·23 0·23 0·23 0·24 0·23 0·21 0·22

Sum 99·45 99·76 99·62 99·41 100·12 100·23 99·77 99·56 99·85

∗Total iron.
Analysts: J. M. Rhodes, T. Hulsebosch, M. Garcia.
All values are in weight per cent.

of the 23 lava samples were erupted during the first year the Frantz isodynamic magnetic separator to concentrate
olivine before hand picking with the aid of a binocularof the Puu Oo eruption. Samples 1-49 and 1-39 probably

rose from separate pockets of rift-zone-stored magma microscope to avoid glass and chromite inclusions. The
matrix material for the oxygen isotope analyses included(Garcia et al., 1989a). Sample 1-54 is a hybrid formed

from mixing these two pockets of magma and was erupted glass, a mixture of glass and holocrystalline matrix ma-
terial, or just holocrystalline material (see Table 1). Mostin the area where the Puu Oo cone later formed. Sample

5-139 formed from mixing the hybrid with the more of the glass is light brown in color and clear, although
in a few cases it is black and cloudy. Olivines in the Puumafic magma which intruded at the start of the eruption.

Samples 1-39 and 5-139 contain both petrographic and Oo lavas are undeformed, euhedral, and normally zoned,
except those from episode 1 which display resorptiongeochemical evidence of magma mixing (Garcia et al.,

1992). Five of the samples (30-358, 30-362, 31-364, 31- features (Garcia et al., 1989a, 1992, 1996). Olivines from
episode 1 were not analyzed because of their low abund-368, and 32-370) are from the beginning, the end or just

after episodes 30 and 31, which produced compositionally ance. Most of the olivine in Puu Oo lavas is mi-
crophenocrystic (0·1–0·5 mm across) but some lavasdiverse lavas (e.g. 7·6–9·5 wt % MgO) with no signs of

magma mixing. These samples were analyzed to evaluate contain rarer larger crystals (0·6–1·5 mm). No olivine
xenocrysts (i.e. deformed grains) have been observed inprocesses within the shallow reservoir under the Puu Oo

vent. Four samples are from the period just before (46- these lavas.
545 and 47-570) or after (48-649, 48-714) the vent
location shifted 3 km down rift. Sample 46-545 is reticulite
(basaltic foam) collected during a period of very high

ANALYTICAL METHODS(400+m) fountaining. Three additional samples (26-
Mar-89, 7-Jan-90, and 12-May-91) were included in this Oxygen isotope ratios of matrix material were determined

by conventional methods (Clayton & Mayeda, 1963) atstudy from the down-rift vent, which is thought to have
been connected to the Puu Oo shallow magma reservoir the University of Minnesota using ClF3 (Borthwick &

Harmon, 1982). CO2 gas from each extraction wasby a shallow conduit (Fig. 1). To evaluate this hypothesis,
a sample collected from the Puu Oo lava lake (F91-32), analyzed on a Finnigan MAT delta E mass spectrometer.

Each sample was split into 2–5 aliquots depending onwhich remained active while lava flows were produced
from the down-rift vent, was analyzed. The last six the total sample weight, and at least two aliquots were

analyzed to check for analytical reproducibility (seesamples listed in Table 1 were erupted from the flank of
the Puu Oo cone. Table 1 for the total range of values and the number of

replicates for each sample). For most samples, analyticalGlassy lavas from the Puu Oo eruption were crushed,
sieved, washed and sonified in deionized water, and then reproducibility is 0·1‰ or better. A laboratory standard

(Nain plagioclase) was analyzed for every four matrixhand picked with the aid of a binocular microscope.
Samples with rare, small olivines were passed through samples. The overall reproducibility for Nain plagioclase
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for the duration of this work was ±0·18‰ (1r) for 106 d18O value for the Puu Oo basalts (except those erupted
in 1983) are within the range of ratios previously reportedanalyses. A MORB glass from the East Pacific Rise,

which had previously been analyzed at the Geophysical for uncontaminated Hawaiian basalts (whole-rock and
matrix d18O= 4·9–5·8‰ and dD= –61 to –84; KyserLaboratory (Ito et al., 1987), was also analyzed at Min-

nesota to ascertain that the new data can be compared et al., 1982; Garcia et al., 1989b) but are well below typical
MORB values (5·7 ± 0·2‰; Ito et al., 1987).directly with the MORB data set. The results reported

here are relative to VSMOW (Vienna standard mean The olivines from the Puu Oo lavas display a smaller
range in d18O (4·4–4·9‰; Table 1; Fig. 2), although mostocean water), normalized against SLAP (standard light

Antarctic precipitation, which is defined as –55‰ relative have ratios of 4·75± 0·15‰. This variation is somewhat
greater than that reported by Eiler et al. (1996a, 1996b)to VSMOW; Coplen, 1988).

Most of the olivine separates were analyzed by laser for olivine phenocrysts from cores from each of two deep
drill holes that span many tens of thousands of years: 15fluorination at the University of Wisconsin at Madison

using methods described by Valley et al. (1995). Each samples from a ~750 m section of Mauna Kea range
from 4·6 to 5·0‰ and 10 samples from a ~2 km sectionolivine analysis represents tens of grains. Measured yields

on olivine were 99 ± 2% on an average sample size of of Kilauea range from 4·9 to 5·2‰; Fig. 2). Both the Puu
Oo and the drill core olivine analyses were determined by1·5 mg, yielding 20 lmol of CO2. Reproducibility of

olivine analyses was monitored by analysis of fragments Eiler at the University of Wisconsin. Kyser et al. (1981)
reported d18O values of 4·5–5·2‰ for olivines from aof a single grain of San Carlos olivine, which had a

reproducibility of±0·07‰ (1r, n= 35) over the course suite of submarine lavas from Kilauea’s east rift zone.
Thus, it is clear that Kilauea has produced a wide rangeof this study. Most of the Puu Oo lavas are very poor in

olivine; sufficient material was available from three olivine of olivine d18O values, even during the short time interval
of the Puu Oo eruption.separates for duplicate analyses, which yielded re-

producibilities of 0·03, 0·03 and 0·06‰ (Table 1).
Three olivine separates were analyzed at the University

of Chicago by T. K. Mayeda. The University of Chicago
OLIVINE–MATRIX OXYGENobtains a value of 5·72± 0·16‰ for UWG-2 (normalized

to a constant value for NBS-28; Valley et al., 1995). One ISOTOPE FRACTIONATION
of these three olivine separates (31-368) was analyzed at There is a strong negative correlation for olivine and
both the University of Chicago (UC) and the University matrix material d18O values from Puu Oo lavas (Table 1;
of Wisconsin (UW), with the results being: UC: 4·68‰, Fig. 3). The difference between the values of d18O for
UW: 4·79‰. One basaltic glass (30-362) was analyzed olivine and matrix material [D(ol–m)] in these lavas varies
at both the University of Minnesota (UM) and by laser from +0·13 to –0·76‰. Kyser et al. (1981) proposed
fluorination at the UW, with the results being: UM: 4·76 a strong temperature dependence for the equilibrium
± 0·05‰, UW: 4·91 ± 0·08‰. The intra-laboratory fractionation of oxygen isotopes between olivine and
precision and inter-laboratory reproducibility for both melt. Their empirical estimates of magma temperatures
standards and unknowns average better than ±0·1‰ (MT) indicated that D(ol–m) is positive above ~1200°C
(1r), which we assume to be the typical uncertainty of [D(ol–m)=+1·2 at 1300°C] and negative below 1200°C
the oxygen isotope data. [D(ol–m) = –1·1 at 1100°C]. Ito & Stern (1986) cal-

The whole-rock X-ray fluorescence (XRF) analyses culated an olivine–melt oxygen isotopic fractionation of
(Table 2) were made in duplicate at the University of –0·7‰ for basalts from empirical data and assumed no
Hawaii and University of Massachusetts using methods explicit temperature dependence. Chiba et al. (1989)
described by Garcia et al. (1996). experimentally examined the oxygen isotope frac-

tionation for olivine–pyroxene pairs and found little or
no temperature dependence between 1150 and 1220°C,
the expected temperature range for olivine crystallization

RESULTS Puu Oo magmas. Thus, there is some uncertainty in the
The matrix material from the Puu Oo eruption ranges temperature dependence of the oxygen isotope equi-
in d18O from 4·56 to 5·25‰ (Table 1). The early lavas librium fractionation between olivine and melt.
(from 1983) have the lowest values (4·56–4·77‰) and Puu Oo lavas are potentially well suited for evaluating
those erupted just after the vent change in 1986 and this issue because olivine crystals are in Fe/Mg equi-
during 1995–1997 have the highest (5·17–5·25‰). The librium with their host lavas, with the exception of lavas
largest change in d18O (0·4‰) occurred between episode erupted before episode 20 and the more mafic lavas from
47 and the early portion of episode 48 (Fig. 2), a period 1990 (Garcia et al., 1992, 1996). Magmatic temperatures
when the vent moved 3 km down rift and eruptive style for these nearly aphyric rocks can be estimated using the

Helz & Thornber (1987) MgO geothermometer, whichchanged from episodic to continuous effusion. The matrix
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Fig. 2. Temporal variation of d18O values for matrix material (Β, lavas from episodes 1–47; Χ, subsequent lavas) and olivine (Ο) from Puu
Oo eruption lavas. The thin vertical lines connect matrix material and olivine analyses from the same rock. The parallel bold lines show the
temporal variation in oxygen isotope variation for matrix material. Dashed vertical lines denote changes in vent location (from left to right; Puu
Oo to Kupaianaha and back to Puu Oo). The ranges on the right side of the figure are for olivines from the Kilauea SOH-4 drill core lavas,
the Mauna Kea HSDP drill core lavas (Eiler et al., 1996a, 1996b), and Puu Oo eruption. The analytical errors for olivine and matrix material
oxygen isotope analyses are essentially the same; the 2r error bar is given in the upper left corner. The long–short dashed box covers samples
from episodes 30 to 32, which are highlighted in Fig. 6, below.

has estimated errors of ±10°C. Although this geo- experienced variable amounts of degassing in the shallow
thermometer was calibrated for glass, the Puu Oo lavas Puu Oo reservoir before eruption (storage times varied
used in this study contain 97 to >99 vol. % glassy matrix from hours to tens of days), during eruption at the vent
material, so their whole-rock MgO concentrations should (fountain heights varied from tens of meters to 400 m
be a good indication of the magmatic temperatures, high; Wolfe et al., 1987) and, for some lavas, while they
especially during olivine crystallization. flowed ~10 km to the coast. The extreme case of degassing

There is no correlation between magma temperature of Puu Oo magmas may have been during the high
(MT) estimated from whole-rock MgO concentration and fountaining episodes of 1983–1986 when fountain heights
D(ol–m) values for Puu Oo lavas (Fig. 4; Table 1). Some of 300 m were observed, and basaltic foam (reticulite)
of the more MgO-rich lavas (9·47 wt %; MT= 1204°C) was produced. The water contents of Puu Oo magmas
and the more evolved lavas (~7·75 wt % MgO; MT = are estimated to have been 0·4–0·5 wt %, based on
1168°C) have moderate to low D(ol–m) values (0·13 to studies of glass inclusions in olivines from episode 16
–0·15‰ and 0·12 to –0·33‰, respectively) but some lavas (Wallace & Anderson, 1998). In contrast, glasses
lavas with intermediate MgO compositions (MT = from two coastal flows from 1987 and 1989 were found
1171–1187°C), have greater differences in (ol–m) values to have extensively degassed. They contained ~0·02 wt
(–0·67 to –0·76‰), whereas others have lower values % H2O, <0·01 wt % S and no CO2 (D. Muenow,
(0·12 to –0·36‰). Therefore, the variation in d18O values unpublished data, 1997).
of Puu Oo lavas cannot be attributed to temperature. Among our Puu Oo sample suite, there is no systematic

difference in d18O values for samples collected near the
vent compared with those collected on the coastal plain
(e.g. 7-May-90 vs 12-May-91) or between samples from

DEGASSING EFFECTS ON OXYGEN the early, degassed stage of episodic eruptions compared
ISOTOPES with the later, gas-charged high fountaining stage of these

episodes (e.g. samples 31-364 vs 31-368). Even the basalticMagma degassing is a potential mechanism for lowering
the d18O values of lavas (e.g. Taylor, 1991). Puu Oo lavas foam from episode 46 is not distinct in its d18O value
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Fig. 3. Oxygen isotope ratios for matrix material and olivine from Puu Oo lavas. These data define a negative correlation which is at a right
angle to the equilibrium field for olivine–melt fractionation, assuming a fractionation value of –0·7± 0·1‰ for olivine–melt (Ito & Stern, 1986).
The range expected for MORB based on glass analyses of Ito et al. (1987) is shown for comparison. It should be noted that all of the lavas from
the early, episodic phases of the Puu Oo eruption (circled field) plot well outside the equilibrium field. The 2r error bars are given in the upper
left corner of the figure. Symbols as in Fig. 2.

(Table 1). Thus, there appears to be no degassing effect Garcia et al., 1996). Ratios of highly incompatible ele-
on the d18O values of Puu Oo lavas. ments remained constant (Fig. 5).

There is no correlation of olivine d18O values with any
other geochemical parameter for Puu Oo lavas (Table 1).
For example, during episode 31 there was a wide rangeCORRELATION OF OXYGEN
in whole-rock MgO concentration but not in the olivine

ISOTOPES WITH OTHER d18O values (Fig. 6a). A slightly smaller variation in olivine
d18O (~0·35‰) was observed for four Mauna Kea drillGEOCHEMICAL PARAMETERS?
core lavas, all of which have the same Pb isotope ratioA new study of oxygen isotopes in olivines from Hawaiian
(Eiler et al., 1996a). Thus, although there is an overallbasalts showed a good correlation with radiogenic isotope
correlation between Pb and O isotopes in Hawaiianratios, especially 206Pb/204Pb (Eiler et al., 1996a). Lavas
lavas, some of the variation in olivine d18O values infrom the Puu Oo eruption show a temporal variation in
Hawaiian tholeiites is not related to the cause of PbPb isotope ratios, and in ratios of highly incompatible to
isotope variation.moderately incompatible elements (Fig. 5). Most of the

There are overall correlations of MgO concentrations,Pb isotope variation occurred during the first year of the
incompatible elements (such as Rb/Y and the MgO-eruption and there has been little or no change since
normalized K2O concentration) and Pb and Sr isotopes1985. The Pb isotopic variation for Puu Oo lavas is
with matrix d18O values in Puu Oo lavas (Fig. 7; Table 1).within the range observed for historical Kilauea lavas
This correlation, however, is controlled by the lavas from(Pietruszka & Garcia, 1998), which led Garcia et al. (1996)
the first 2 years of the eruption (episodes 1–20; Fig. 5),to conclude that the Pb isotope variation in the early
which are thought to be products of variable mixing ofPuu Oo lavas represents mixing of magmas from different
two evolved magmas and one mafic magma (Garcia etmantle sources with similar Sr and Nd isotope ratios
al., 1992). For example, the MgO correlation disappears(Fig. 5). The trace element ratios in these lavas show a
if the episode 1 lavas are not included (Fig. 6b). Fur-well-defined decrease in ratios of highly incompatible to
thermore, there is no correlation of MgO with matrixmoderately incompatible trace elements, which is due to
d18O values for the lavas from episodes 30 and 31, whicha systematic decrease with time in the abundance of

highly incompatible trace elements (e.g. Ba and La; have large variations in MgO (Fig. 6a). For lavas erupted
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Fig. 4. Difference in values of Dd18O(olivine–matrix) vs whole-rock MgO concentration [and magma temperature calculated using the Helz &
Thornber (1987) MgO geothermometer], Rb/Nb ratio, and 206Pb/204Pb ratio for Puu Oo lavas. Samples with Dd18O(olivine–matrix) values
greater than –0·5‰ were in disequilibrium. The lack of correlation of these values with the other geochemical parameters should be noted.
Symbols as in Fig. 2.

after the magma mixing period (episodes 1–20), the related to a combination of mantle and crustal processes.
Another potential process indicator is the D(ol–m) d18Ocorrelation between d18O and other geochemical para-

meters is poor or absent because there is a significant values for Puu Oo lavas. The equilibrium value is assumed
to be –0·7‰; values for Puu Oo lavas range from –0·7‰variation in matrix d18O with little or no variation in the

other geochemical parameters (Fig. 7). Furthermore, the to+0·1‰. This wide range of values does not correlate
with any geochemical parameter for Puu Oo lavas (Fig. 4).shift in matrix d18O with the 1986 change in vent location

(Fig. 2) is not correlated with any change in Pb isotope
ratios or in the ratios or abundances of trace elements
(Fig. 5). Therefore, whatever caused the shift in matrix
d18O as the vent location changed did not have any CAUSES OF OXYGEN ISOTOPEapparent effect on the Pb, Nd and Sr isotope or trace

VARIATION IN PUU OO LAVASelement ratios in these lavas. Thus, the overall correlation
of Pb isotope ratios and other geochemical parameters The variation in d18O for Puu Oo lavas is the result

of source heterogeneity and/or crustal contamination.with matrix d18O for the early Puu Oo lavas is probably
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Fig. 5. Temporal variation for incompatible trace element and Pb, Sr and Nd isotope ratios for lavas from the Puu Oo eruption [data from
Garcia et al. (1996)]. Most of the variation in Pb and Sr isotope ratios occurred during the first 2 years of the eruption when magma mixing
was the dominant process controlling compositional variation. Ratios of Nd, Pb and Sr isotopes, and of highly incompatible elements (e.g. Ba/
Rb) have remained constant from this period to the present, whereas ratios of highly incompatible to moderately incompatible elements have
progressively decreased (e.g. La/Yb). Symbols as in Fig. 2. The 2r errors bars are given for reference.

Although several previous studies have related the vari- and assuming olivine is resistant to oxygen isotope ex-
change (Cole & Ohmoto, 1986), then the d18O value ofation in d18O values for Hawaiian lavas to source hetero-

geneity (e.g. Garcia et al., 1989b; Harmon & Hoefs, 1995), the Puu Oo magma was probably lowered by interaction
with hydrothermally altered crust after the growth ofthe good negative correlation of d18O for olivine and

matrix material (Fig. 3) is strong evidence that the oxygen much of the olivine but before eruption.
It is unlikely that water can directly contaminateisotope variations in the Puu Oo lavas are related to a

disequilibrium process such as crustal contamination magmas before their eruption but it may extensively
exchange with magma chamber wall rocks. Thesebecause the trend of the olivine–matrix correlation is

opposite to that predicted from equilibrium crystallization hydrothermally altered rocks might be stoped into the
magma and partially assimilated, modifying the magma’s(Ito & Stern, 1986). Among Puu Oo lavas, those from

the intermittent geyser-like eruptions of episodes 5–47 primary d18O value (e.g. Taylor & Sheppard, 1986).
Kilauea fluids range widely in their d18O values (Hinkleyshow the greatest signs of disequilibrium because of their

small D(ol–m) values (0·13 to –0·34‰) and lower matrix et al., 1995; Conrad et al., 1997); Hawaiian ocean water
has a d18O of 0·4‰ and a rain water sample taken ind18O values (<5·0‰). If these olivines are comagmatic

with their host matrix, an interpretation based on the July 1990 from the Puu Oo area has a d18O of –0·9‰.
Rain from the higher elevations of the island, whicheuhedral, undeformed shape of the olivines and their

Fe/Mg compositional equilibrium with the host matrix, supplies the groundwater along Kilauea’s east rift zone
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Fig. 6. (a) Variation in matrix and olivine d18O values for lavas from episodes 30–32. The first sample shown from episodes 30 and 31, and
the sample from episode 32 are the lowest MgO lavas from these episodes (numbers on plot are in wt %); the second sample shown from
episodes 30 and 31 is the higher MgO lava. There is no systematic variation of matrix or olivine d18O values with MgO concentration for these
lavas. (b) Matrix d18O values vs whole-rock MgO for Puu Oo lavas. Although there is a crude positive correlation for Puu Oo lavas, it disappears
if the rift-zone-stored lavas from episode 1 are excluded.

(Conrad et al., 1997), has a d18O of –6‰. Fumarole intrusive rocks, only 11–12% assimilation would be
needed to explain the overall variation in Puu Oo matrixcondensates from the summit of Kilauea range from –0·6

to –14·4‰. d18O values. A study of metamorphosed accidental blocks
from Kilauea’s summit 1924 phreatic explosions is underThe effects of fluids on the d18O of Kilauea lavas have

been evaluated for the weakly to moderately, hy- way to better assess the range of d18O values for summit
magma chamber wall rocks. In the absence of a suitabledrothermally altered cores from several ~2 km deep

holes drilled into the magmatic core of Kilauea’s east rift contaminant, we propose that the Puu Oo lavas ex-
perienced both partial assimilation of and oxygen ex-zone. Lavas from the HGP-A well, which produced

hydrothermal energy, yielded whole-rock d18O values of change with hydrothermally altered Kilauea lavas. The
same conclusion was made to explain the low d18O values3·2–8·7‰, with those from the weakly altered part of

the hole (650–1050 m depth) giving d18O values of in some Icelandic basalts (e.g. Hattori & Muehlenbachs,
1982). Unlike those rocks, Puu Oo lavas do not appear6·7–8·7‰ (Smith & Thomas, 1990). Lavas recovered

from below 1050 m in the hole showed an irregular to contain xenoliths of hydrothermally altered lavas.
We cannot, however, preclude the possibility that somedecrease in d18O down to 3·2‰ near the bottom of the

hole (Smith & Thomas, 1990) where temperatures of assimilation may have occurred. The Puu Oo magmas
are extremely fluid and were stored in a shallow reservoir~350°C were measured (Conrad et al., 1997). Lavas from

three other deep drill holes showed similar variations but before eruption. These factors contribute to the overall
low abundance of phenocrysts in Puu Oo lavas, evendo not have d18O values as low as the HGP-A lavas

(Conrad et al., 1997). in those that are strongly fractionated, and may have
effectively removed any xenoliths that might have beenUsing the lowest rock d18O value from these geothermal

drill holes (3·2‰) and assuming a parental magma d18O present in the Puu Oo magmas.
value of 5·2‰ (see later discussion on Puu Oo parental
magma), we calculate that ~30% assimilation would be
needed to produce the observed range in matrix material TIMING AND LOCATION OF PUU OOd18O ratios (4·56–5·25‰) for the entire Puu Oo eruption.

MAGMA CONTAMINATIONThis is a geologically unreasonable level of contamination.
Intrusive rocks, metamorphosed to greenschist facies, There are several possible sites where the d18O value of

Puu Oo magma may have been lowered after beingfrom the basal complexes of Canary Island volcanoes
have yielded d18O values as low as –1·4‰ ( Javoy et al., intruded from the volcano’s summit. The most obvious

site is the shallow magma reservoir under the Puu Oo1986). If Puu Oo magmas were contaminated with such
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Fig. 7. Oxygen isotope ratios for matrix material vs whole-rock Pb and Sr isotope ratios, Rb/Y ratio, and K2O(10) for Puu Oo eruption lavas.
K2O(10) is the abundance of K2O in wt % normalized to 10 wt % MgO by addition of equilibrium olivine in small steps (Garcia et al., 1996).
The lavas from episodes 1–47 (Β) show good correlations, but these correlations are thought to be related to magma mixing. The later lavas
show no correlations between matrix oxygen isotope ratios and the other geochemical parameters. The variations in trace elements at a given
matrix oxygen isotope value are well outside analytical error but those for Pb and Sr isotopes are not. Thus, the variations in trace elements
are probably unrelated to the matrix oxygen isotope variations. Garcia et al. (1996) related the trace element variations to progressive melting
of a relatively homogeneous source. The 2r errors bars are given for reference.

vent. To evaluate this hypothesis, we analyzed lavas from occurred before storage of the magma in the shallow
Puu Oo reservoir.the beginning and the end of two episodes (30 and 31)

that produced relatively large volumes of compositionally Before reaching the Puu Oo reservoir, the magma
traveled 19 km through Kilauea’s east rift zone (Fig. 1).variable lava (MgO variations of ~2 wt %). These brief

eruptive episodes (21 and 23 h) were interpreted to The transit time of Puu Oo magmas in the rift zone may
have varied from as long as a year during the episodichave completely drained the shallow Puu Oo reservoir

(Hoffmann et al., 1990). The most mafic lavas were eruptions of episodes 4–47 (1983–1986; Parfitt & Wilson,
1994) to about 20 days after the vent changed locationerupted at the end of these episodes and are thought to

be representative of the parental magma that was being and the eruption became nearly continuous in mid-1986
(Garcia et al., 1996). Thus, there was a marked changesupplied to this shallow reservoir (Garcia et al., 1992).

The d18O values for matrix material from five samples in the residence time of magma in the rift which coincides
with the largest shift in matrix material d18O (~0·4‰)erupted during or just after these episodes (samples 30-

358 to 32-370 in Table 1) are uniform (4·77 ± 0·12‰) and may be a valuable clue for understanding the oxygen
exchange history of these lavas. Alternatively, this shiftwithin analytical error (1r ± 0·10‰). The olivine d18O

values from these lavas are also uniform within analytical in d18O value might have been a consequence of the
Kupaianaha and Puu Oo vents having been fed fromerror and identical to the matrix (4·81± 0·08‰, except

sample 30-358; Fig. 2b), reflecting disequilibrium before independent magma reservoirs within the rift zone, as
postulated by Kauahikaua et al. (1996).eruption. If the local reservoir was drained during each

of these episodes and the most mafic lavas are rep- Samples from both vents that were erupted in 1991
were used to test this hypothesis. Sample F91-32 fromresentative of the parental magmas, then the proposed

oxygen isotope exchange and/or assimilation and the Puu Oo and sample 12-May-91 from Kupaianaha are
nearly identical in major and trace element compositions,crystallization of most of the coarser olivine in these rocks
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and in their matrix and olivine d18O values (Garcia et reversed itself markedly in 1995, returning to a higher
al., 1996; Table 1). Thus, the two vents were probably matrix d18O value (~5·2‰) and equilibrium values for
connected at shallow depths (Fig. 1), which would explain D(ol–m) (e.g. –0·6 ± 0·1‰).
why the Puu Oo vent produced so much volcanic fume
compared with the Kupaianaha vent (Garcia et al., 1996).
Therefore, we conclude that the 1986 shift in matrix
d18O value probably reflects the marked change in res- IMPLICATIONS FOR RECENT
idence time of the Puu Oo magma in the rift zone. The KILAUEA PARENTAL MAGMA d18O
longer residence time during the early, episodic eruptions

VALUESallowed more opportunity for oxygen isotope exchange
Kyser et al. (1982), Garcia et al. (1989b, 1993) and Harmonduring the transit of the magma along Kilauea’s east rift
& Hoefs (1995) have argued that one of the mantle sourcezone to the shallow Puu Oo reservoir (Fig. 1).
components for Hawaiian shield volcanoes has a lowerThe increase in the matrix d18O values during the vent
d18O than the MORB mantle source. In contrast, Eilerlocation change in 1986 (Fig. 2) was not accompanied
et al. (1996a) proposed that low d18O olivines in Hawaiianby any other geochemical changes (Fig. 5). Therefore,
lavas (like those from Kilauea) were caused by assimilationthe contaminant and the early Puu Oo magma were
of hydrothermally altered Cretaceous oceanic crust. Theprobably of similar chemical composition, except for the
Puu Oo data clearly indicate that some Hawaiian lavasformer’s lower d18O. If the contaminant was a meta-
have been crustally contaminated, perhaps by hydro-morphosed Kilauea lava with a d18O of 3·2‰ (the lowest
thermally altered Hawaiian lavas. However, the matrixd18O reported for a Kilauea lava; Smith & Thomas,
d18O value for the least contaminated Puu Oo lava,1990), then ~20% bulk oxygen isotope exchange and/
which has the highest d18O and an equilibrium olivine–or assimilation is needed to explain the difference in d18O
matrix value, is only ~5·2‰. Weakly olivine-phyric lavasvalues for lavas erupted during episode 47 and early 48
erupted at the summit of Kilauea since the 1924 ex-(if the lower value for metamorphosed Canary Islands
plosions also have relatively low d18O ratios (5·15 ±intrusive rocks is used, the level of contamination is
0·1‰ for six samples; E. Ito, unpublished data, 1997)~6%). We have no independent evidence for the extent
compared with MORB glass (5·7 ± 0·2‰; Ito et al.,of the proposed oxygen exchange. Studies of the hydro-
1987). Thus, for the last 65 years, the least contaminatedthermally altered lavas from Kilauea east rift zone drill
lavas erupted at Kilauea have matrix d18O values ofholes have found that low K and Rb concentrations are
~5·2‰. These results would seem to indicate that thethe only distinct major or trace element signatures for
mantle source for Kilauea lavas has a lower d18O thanthese altered lavas (T. Hulsebosch, personal com-
the MORB source.munication, 1996). Partial assimilation of these lavas

One complication for this interpretation is the presencewould mask these features because these elements are
of olivines with d18O values of 4·7–4·9‰ in some Puuconcentrated in the melt during partial melting. This
Oo lavas. These results indicate that the parental magmascontaminant verification problem is compounded by the
for these olivines had d18O values of 5·5 ± 0·1‰, if wesignificant temporal geochemical variation of Kilauea
assume an olivine–melt fractionation value of –0·7‰ (Itolavas (e.g. Hofmann et al., 1984; Pietruszka & Garcia,
& Stern, 1986). As Kilauea summit lavas apparently had1998), which makes it difficult to link Puu Oo lavas with
d18O of ~5·2‰ for the last 65 years, these results indicateany specific parent magma that was erupted from the
that these Puu Oo olivines and their host lavas may notsummit reservoir and thus to evaluate the effects of this
have come from the summit reservoir. This explanationcontamination.
is consistent with the interpretation of Garcia et al. (1996)Between 1987 and 1993, there was a gradual decrease
for the rapid change in trace element ratios for Puu Ooof the matrix d18O values (5·2 to 5·0‰), which was
lavas compared with those of Kilauea summit lavas. Ifaccompanied by an increase in the olivine d18O (~4·4 to
at least some Puu Oo parental magmas had d18O of 5·54·8‰), resulting in a decrease in the D(ol–m) from –0·7
± 0·1‰, then recent Kilauea summit lavas also may beto –0·3‰ (Fig. 2). During this period, a major earthquake
contaminated and the source for all of these lavas mayoccurred near the eruption site in 1989, there were 12
have been similar in d18O to MORB. This hypothesis iseruptive pauses in 1990, and the Kupaianaha vent died
supported by 15 laser d18O analyses of other Kilaueain 1992 (Kauahikaua et al., 1996). Although none of these
olivines, which range from 4·9 to 5·2‰ (Eiler et al.,events is individually recorded in the temporal d18O
1996a) and the negative correlation of Puu Oo olivine andvariation trend (Fig. 2), they undoubtedly contributed to
matrix d18O values (Fig. 3). This remarkable correlationthe observed gradual decrease in magma eruption rate
seems to indicate that olivines in some early Puu Oo(Kauahikaua et al., 1996), which resulted in a longer
lavas (after episode 1) were crystallized from unmodifiedtransit time for the magma in the rift zone and in more

oxygen isotope exchange. This temporal trend in d18O magmas but that these magmas experienced the greatest
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modification of d18O during their long transit from the The apparent absence of other independent geo-
chemical or isotopic evidence for crustal contaminationsummit reservoir to the surface. During the subsequent

phase of continuous eruption activity, magmas had in the early Puu Oo lavas should be noted by those who
study oceanic basalts. Our results indicate that oxygenshorter transit times and lavas show less evidence of

oxygen isotope disequilibrium between olivine and mat- isotope analyses, especially for mineral–matrix pairs, are
essential to evaluate the possible role of crustal con-rix, except between 1990 and 1992 when eruption rates

decreased. tamination in otherwise pristine lavas even when they are
erupted through thin crustal sections. Another important
component of this study was the availability of samples
collected throughout the eruption; without it, inter-

CONCLUSIONS pretation of the results would have been problematic.
Puu Oo lavas record a significant variation in matrix
and olivine d18O, especially for a single eruption. The
matrix of some of these lavas has apparently exchanged
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