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mantle melting processesof Kilauea Volcano for its long duration (>17 years and continuing),

large volume (>2 km3), wide compositional range (5·6–10·1 wt
% MgO) and the detailed monitoring of its activity. The prolonged
period of vigorous effusion (>300 000 m3/day) and the simple
phenocryst mineralogy of the lavas (essentially only olivine) has INTRODUCTION
allowed us to examine the volcano’s crustal and mantle magmatic The Pu’u ’O’o eruption is the longest-lived, best monitored
processes. Here we present new petrologic data for lavas erupted (e.g. Wolfe et al., 1988) and most voluminous historical
from 1992 to 1998 and a geochemical synthesis for the overall eruption of Kilauea Volcano (Fig. 1). It started in January
eruption. The dominant crustal magmatic processes are fractionation 1983 and, 17 years later, it is still continuing vigorously
and accumulation of olivine, which caused short-term (days to (>300 000 m3/day). About>2 km3 of basaltic lava (dense
weeks) compositional variations. Magma mixing was important rock equivalent) have been erupted, which destroyed 181
only during the early part of the eruption and during episode 54. homes and a National Park visitor center on the south flank
The overall systematic decrease in MgO-normalized CaO content of the volcano (total losses >$60 million). We previously
and abundances of highly incompatible elements, without significant documented the petrologic history of lavas from episodes
Pb, Sr and Nd isotope compositional variation, is interpreted to be 1 to 49 of this eruption (1983 to early 1992) utilizing
caused by mantle melting processes. Experimental results and petrography, mineral and whole-rock geochemistry [elec-
modeling of trace element variations indicate that neither batch tron microprobe, X-ray fluorescence (XRF) and inductively
melting nor simple progressive melting can explain these compositional coupled plasma mass spectrometry (ICP-MS) analyses],
variations. Instead, a more complex progressive melting model is and Pb, Sr, Nd and O isotopes supplemented with field
needed. This model involves two source components with the same observations and geophysical data (Garcia & Wolfe, 1988;
isotopic composition, but one was melted >3% in the Hawaiian Garcia et al., 1989, 1992, 1996, 1998a). This paper chron-
plume. The model results indicate that the amount of this depleted icles the petrology and geochemistry (including ICP-MS
source component progressively increased during the eruption from 0 trace element data, and Pb, Sr and Nd isotopic ratios) of
to >25%. Given the isotopic similarity of Pu’u ’O’o lavas to Pu’u ’O’o lavas from episodes 50 to 55 (1992 to early
many lavas from Loihi Volcano and the small extent of prior melting 1998), a period when >0·9 km3 of lava was produced. In
to form the depleted source component, the melting region for Pu’u addition, we present the results of a time-series analysis of
’O’o magmas may partially overlap with that of the adjacent, the entire eruption, which provides a rare opportunity to

document both crustal magmatic processes (e.g. crystalyounger volcano, Loihi.
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†Present address: Department of Terrestrial Magnetism, Carnegie
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Extended data set can be found at:
http://www.petrology.oupjournals.org  Oxford University Press 2000
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Fig. 1. Map of the Pu’u ’O’o eruption flow field on the east rift zone of Kilauea Volcano, Hawaii (after Heliker et al., 1998b). Lava has erupted
primarily from two central vents: Pu’u ’O’o (episodes 2–47, 50–53 and 55) and Kupaianaha (episode 48). A fissure system formed between these
vents during episode 49 and uprift from the Pu’u ’O’o vent during episode 54. The lavas from the continuing episode 55 are not shown. The
contour interval is 500 ft after the 100 ft contour (1 ft = 0·3048 m). The insert map shows the location of the eruption site on the island of
Hawaii.

fractionation, magma mixing and crustal assimilation) and the source components, the southward dip of Kilauea’s
mantle conduit, and the indications from U-series datato investigate mantle melting systematics. In contrast to the
that Kilauea magmas are being derived from a largebrief, small-volume, historical eruptions (1790–1982; see
source area are all consistent with the possibility thatMacdonald et al., 1983), long-lived eruptions such as Pu’u
these magmas were derived from the same source region’O’o may have typified Kilauea’s prehistoric history (e.g.
that is supplying the adjacent, younger volcano, Loihi.Holcomb, 1987).

Our results show that olivine fractionation and ac-
cumulation are the dominant crustal processes during
the Pu’u ’O’o eruption, although crustal assimilation and

BRIEF HISTORY OF THE PU’U ’O’Omagma mixing have played important secondary roles
ERUPTIONduring the early part of the eruption and during episode

54. A progressive change in whole-rock CaO con- The character of the Pu’u ’O’o eruption has changed
centration and in incompatible trace element abundances markedly during 17 years of activity (see Table 1 for a
and ratios with essentially no change in Pb, Sr and Nd summary). Episode 1 involved a ‘curtain of fire’ along a
isotopic ratios indicates that mantle partial melting was discontinuous fissure system of 8 km length, which was
the primary factor controlling compositional variation in intermittently active for almost a month (Wolfe et al.,
Pu’u ’O’o lavas erupted from 1985 to 1998. Modeling 1987). Episodes 2–47 (February 1983–June 1986) were
of this compositional variation requires melting of an short lived (5–100 h) with lava fountains of variable
isotopically homogeneous source with a component that heights (10–400 m). These episodes were followed by
was previously melted >3%. The model results suggest repose periods of 8–65 days during which magma ac-
that the proportion of this component in the lavas in- cumulated and fractionated in a shallow reservoir under
creased from 0 to>25% during the Pu’u ’O’o eruption. the Pu’u ’O’o vent (Wolfe et al., 1988; Hoffmann et al.,
The isotopic similarity of Pu’u ’O’o lavas to many Loihi 1990; Garcia et al., 1992). In July 1986, the site of effusive

activity shifted 3 km down-rift from the 255-m-high Pu’ulavas, the small extent of previous melting of one of
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Table 1: Summary of the Pu’u ’O’o eruption, 1983–1999

Episode Episode Repose Episode Volume Vent location Eruption rate

start date length (days) length (106 m3) (103 m3/day)

1 Jan. 03, 1983 start 20 days 14 Fissure 1 —

2–47 Feb. 10, 1983 8–65 >3·5 years 371 Mostly Pu’u ’O’o >300

48 July 20, 1986 24 >5·5 years >500 Kupaianaha >400–0·5

49 Nov. 08, 1987 none 18 days 11 Fissure 2 0·6

50 Feb. 17, 1992 11 15 days 3 Pu’u ’O’o flank —

51 Mar. 07, 1992 4 161 days 32 Pu’u ’O’o flank >300

52 Oct. 03, 1992 none 15 days 2 Pu’u ’O’o flank >300

53 Feb. 20, 1993 none >4 years >535 Pu’u ’O’o flank >300

54 Jan. 30, 1997 none >1 day 0·3 Fissure 3 0·3

55 Feb. 24, 1997 24 continuing >265∗ Pu’u ’O’o and its 200–500

flank

Repose length refers to the duration of the pause between eruptive episodes; volume is the dense rock equivalent erupted
during each episode. Vent locations (see Fig. 1): fissure 1—a discontinuous fissure system of 8 km length extending east
from Napau crater under the Pu’u ’O’o cone; fissure 2—a discontinuous fissure system of 2 km length between the Pu’u
’O’o and Kupaianaha vents; Pu’u ’O’o flank—lava rose up in the throat of Pu’u ’O’o vent and drained onto the flow field
through vents on the south flank of Pu’u ’O’o for episodes 52 and 55 and west flank for episodes 50, 51, 53 and 55; fissure
3—a discontinuous fissure of 2 km length extending from the west wall of Napau Crater eastward towards Pu’u ’O’o. Data
sources: Episodes 1–20, Wolfe et al. (1988); episodes 21–47, Ulrich et al. (1987); episode 48, Kauahikaua et al. (1996); episode
49, Mangan et al. (1995); episodes 50–53, Heliker et al. (1998b); episode 54, Harris et al. (1997); episode 55, Heliker et al.
(1998a). The eruption rate values are longer-term averages for each episode except episode 48, which showed a decrease
from 250 000 m3/day to 54 000 m3/day during the 8 months before the Kupaianaha vent died; the values for episodes 51–53
are an average for only the period Nov. 1992–Feb. 1994.
∗Estimated value as of January 1999.

’O’o cone to form the Kupaianaha vent (Fig. 1). Magma near Pu’u ’O’o (Heliker et al., 1998b). The next day,
episode 52 began from two new vents on the southwestrose up in the throat of the Pu’u ’O’o cone and degassed
flank of the cone, >200–300 m from the episode 51vigorously before passing through a shallow underground
vent (which resumed erupting the next day). Episode 52channel to the Kupaianaha vent (Garcia et al., 1996).
continued until a seismic swarm and a rapid summitThis shift in the vent site marked a fundamental change
deflation in February 1993 (Heliker et al., 1998b). Episodein eruption style from episodic, high fountaining to nearly
53 started 9 days later and continued for almost 4 yearscontinuous, quiescent effusion. The Kupaianaha vent was
until the Pu’u ’O’o lava lake suddenly drained and theactive for 5·5 years during which it produced>0·5 km3 of
cone collapsed on January 29, 1997. A few hours later,lava (dense rock equivalent) and built a shield of 56 m
a 1 day eruption (episode 54) occurred along a dis-height during this 48th episode of the Pu’u ’O’o eruption
continuous fissure system of 2 km length, 2–4 km up-rift(Kauahikaua et al., 1996). Three months before the end
from Pu’u ’O’o. Lava was produced during episode 54of episode 48, a discontinuous fissure system of 1·7 km
from six, low fountaining (10–30 m high) vents (Harris etlength opened up between the Pu’u ’O’o and Kupaianaha
al., 1997). A 24 day hiatus followed episode 54. Duringvents (episode 49). For approximately 21 days, this vent
this period, no lava was observed in or near the Pu’usystem produced lavas of the same composition as coeval
’O’o cone and many volcano watchers thought the erup-lavas from the Kupaianaha vent (Garcia et al., 1996).
tion was finally over. This eruption, however, is con-Activity at the Kupaianaha vent diminished during epi-
tinuing (episode 55) and shows no signs of ending in thesode 49 and ended 2 months later.
near future despite occasional short (1–4 day) eruptiveWith the demise of the Kupaianaha vent in early 1992,
pauses.effusive activity resumed 11 days later at Pu’u ’O’o from

vents on its flanks. Episode 50 was short lived (15 days)
but the eruption restarted (episode 51) along the same

SAMPLESfissure after a 4 day hiatus (Table 1). Episode 51 was
interrupted by 17 short pauses (8–90 h) and ended Ninety-three lava samples representing episodes 50–53,

six from episode 54 and an additional 29 from episode>7 months later following a magnitude 4·5 earthquake

969



JOURNAL OF PETROLOGY VOLUME 41 NUMBER 7 JULY 2000

55 were collected for this study. Whenever possible, rare (Ζ0·2 vol. %) phenocrysts of olivine and plagioclase.
Rare microphenocrysts of plagioclase, olivine and clino-samples were collected in a molten state from active lava

flows and water-quenched to minimize post-eruptive pyroxene are also present in these lavas.
Xenoliths are rarely reported in Kilauea lavas but arecrystallization. The episode 54 samples were collected

several weeks after their eruption, but from rapidly present in six of the samples we studied in thin section.
These small basalt xenoliths contain ‘black’ olivine. Blackquenched vent deposits and are labeled according to

their eruptive vent (A–F). All other samples are labeled olivines are created by high-temperature oxidation as
forsteritic olivine (>90%), magnetite and hypersthenewith the date that they were collected (day-month-year),

which is probably within a day of their eruption. During replace the original olivine (Macdonald, 1944).
episodes 50–52, lava samples were mostly collected within
100 m of the eruptive vent. Following the onset of episode
53, lava drained directly into tubes and only rarely were

MINERAL CHEMISTRYoverflows and skylights available for sampling. Therefore,
Olivine and clinopyroxene compositions were determinedmost of our samples from episode 53 and all from episode
for a suite of episode 50–55 lavas that span nearly the55 were collected on the coastal plain, 10–12 km from
entire range of whole-rock MgO contents (6·1–10·1 wtthe Pu’u ’O’o vent, as the lava discharged from lava
%). Plagioclase compositions were determined for thetubes. Splits of our Pu’u ’O’o samples are available to
two episode 54 lavas with plagioclase phenocrysts. Theanyone interested in performing additional analyses.
University of Hawaii, five-spectrometer, Cameca SX-50
electron microprobe with SAMx automation was used
for the mineral analyses. Operating conditions were
15 kV, a minimum spot size of 1 �m and a beam currentPETROGRAPHY
of 20 nA for olivine and pyroxene, and 10 nA forEpisode 50–53 and 55 lavas, like the vast majority of
plagioclase. Each element was counted for 30–45 s onother Pu’u ’O’o lavas we have studied, are glassy, strongly
the peak and 15 s on the background. Concentrationsvesicular, friable and weakly to moderately olivine-phyric
were determined using a ZAF–PAP correction scheme.(0·4–6·2 vol. % phenocrysts; Table 2). Olivine is the
Analytical error is estimated to be>0·2% forsterite, andonly phenocryst in these samples; it is usually small
1–2% relative for major elements and 5–10% relative(>0·1–1 mm in diameter), euhedral, undeformed and
for minor elements (<1 wt %) based on repeated analysescontains spinel and glass inclusions. Olivine is somewhat
of standards. Three spot analyses were made in themore common (>1 vol. %) in these lavas compared with
core and one on the rim of each crystal to check forthose from the preceding 5·5 years of eruptive activity
compositional zoning.at the Kupaianaha vent (episode 48), despite identical

ranges in MgO contents (7–10 wt %; Garcia et al., 1996)
for the lavas from the two periods. Olivine abundance

Olivinein episodes 50–53 and 55 lavas is generally correlated
positively with whole-rock mg-number, although olivine Over 200 olivine crystals were analyzed from 19 episode
phenocryst abundance can vary as much as 5 vol. % for 50–55 lavas. Most of the analyzed olivine crystals are
a given mg-number (Table 2). normally zoned with <3% variation in forsterite (Fo)

Clinopyroxene (cpx) microphenocrysts occur in>65% from core to rim. The forsterite content of the olivine
of the episode 50–53 lavas and in many of the early cores from the episode 50–53 and 55 lavas range from
episode 55 lavas that we examined but always in low 79·7 to 84·4% (Table 3) with a few notable exceptions
abundance (<1·7 vol. %). Commonly, these small (e.g. black olivines with Fo >90%). Phenocrysts and
(0·1–0·3 mm) crystals occur in clusters of 3–12 grains and microphenocrysts in episode 50–53 lavas overlap in com-
some have sector zoning. Plagioclase microphenocrysts position (average Fo contents of >81·0%) and have
(0·1–0·5 mm) are absent in the episode 50–52 samples somewhat lower Fo contents than the olivines from
we examined but rare (Ζ0·4 vol. %) crystals occur in episode 48 lavas (>82·5% average; Garcia et al., 1996).
>33% of the episode 53 samples. Tiny crystals (<0·1 mm) Olivines from episode 55 lavas have somewhat higher
of plagioclase, olivine, spinel and clinopyroxene occur in forsterite contents then episode 50–53 olivine (average
a matrix of honey brown glass or black cryptocrystalline 82·4%) and have a compositional distinction between
material in nearly all samples. Episode 55 samples col- phenocrysts and microphenocrysts (average 83·5 vs
lected after April 21, 1997, when surface activity became 81·7% Fo, respectively).
more vigorous, do not contain cpx or plagioclase micro- Cores of olivines from lavas with a wide range of mg-
phenocrysts. numbers (56–61) have olivine compositions in equilibrium

The episode 54 lavas are among the most aphyric with the bulk rock (Fig. 2). Many episode 50–53 and 55
lavas, especially those with higher mg-numbers, containsamples from the Pu’u ’O’o eruption. They contain only
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Table 2: Modal mineralogy of representative lavas from episodes 50 to 55 of the Pu’u ’O’o eruption

Sample mg-no. Olivine Clinopyroxene Plagioclase Matrix

ph mph mph ph mph

Episode 50

19-Feb-92 61·1 2·4 3·4 <0·1 0·0 0·0 94·2

23-Feb-92 61·8 0·4 2·4 <0·1 0·0 0·0 97·2

Episode 51

13-Jun-92 61·2 2·0 3·8 1·0 0·0 0·0 93·2

05-Oct-92 58·6 2·4 1·2 0·4 0·0 0·0 96·0

29-Dec-92∗ 59·7 2·0 2·8 0·2 0·0 0·0 95·0

Episode 52

04-Oct-92 60·8 1·6 3·2 1·6 0·0 0·0 93·6

Episode 53

18-Mar-93∗ 60·2 2·2 3·2 0·2 0·0 0·0 94·4

16-Apr-93 60·1 1·2 2·2 0·0 0·0 0·0 96·6

09-May-93 61·1 1·8 2·8 0·0 0·0 0·0 95·4

30-Oct-93 56·5 0·6 1·0 0·2 0·0 0·4 97·8

14-Dec-93 60·2 0·8 2·0 1·4 0·0 0·0 95·8

13-Mar-94 59·1 0·8 2·2 0·4 0·0 0·0 96·6

18-May-94 57·5 2·4 3·2 1·6 0·0 <0·1 92·8

09-Oct-94 59·0 2·0 3·0 0·6 0·0 0·0 94·4

14-Jan-95∗ 59·0 2·4 3·0 1·4 0·0 0·0 93·2

29-Mar-95 58·4 1·6 2·2 0·4 0·0 0·0 95·8

14-Jun-95 61·3 3·6 2·6 0·6 0·0 0·0 93·2

11-Sep-95∗ 56·1 0·8 2·0 0·2 0·0 0·0 97·0

14-Oct-95∗ 60·5 2·6 3·8 0·4 0·0 0·4 92·8

19-Jan-96 63·4 6·2 2·4 0·6 0·0 0·2 90·6

15-Mar-96 59·2 2·8 5·0 0·2 0·0 <0·1 92·0

07-Jun-96 58·0 2·6 1·8 <0·1 0·0 <0·1 95·6

22-Aug-96 59·2 2·6 2·6 0·0 0·0 0·0 94·8

10-Jan-97 59·5 2·2 3·0 0·0 0·0 0·0 94·8

Episode 54

B vent 51·7 <0·1 <0·1 0·2 0·0 0·4 99·4

D vent 52·4 <0·1 <0·1 <0·1 0·2 0·6 99·2

F vent 51·9 0·0 <0·1 0·4 0·0 1·6 98·0

Episode 55

21-Apr-97 56·7 0·6 1·8 0·6 0·0 0·2 96·8

10-Aug-97∗ 62·9 5·0 5·4 0·0 0·0 0·0 89·6

11-Oct-97 58·0 0·8 1·0 0·0 0·0 0·0 98·2

26-Dec-97 61·6 2·6 3·4 0·0 0·0 0·0 94·0

10-Jan-98 61·3 1·8 4·4 0·0 0·0 0·0 93·8

27-Mar-98 60·6 3·2 2·2 0·0 0·0 0·0 94·6

10-Apr-98 61·3 1·4 4·2 0·0 0·0 0·0 94·4

11-May-98 60·8 5·2 3·0 0·0 0·0 0·0 91·8

17-Aug-98 60·8 1·4 3·4 0·0 0·0 0·0 95·2

mg-no. is [Mg/(Mg + Fe2+) × 100], assuming Fe2+ = 0·9 of total iron. All values are in vol. % and are based on 500 point
counts/sample. Phenocrysts (ph) are >0·5 mm across; microphenocrysts (mph) are 0·1–0·5 mm across. Matrix consists of
glass and crystals <0·1 mm across.
∗Contains black olivine in basalt xenolith(s).
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Fig. 2. Whole-rock mg-number [(Mg/(Mg + Fe2+) × 100] vs olivine composition in forsterite content (Fo %) for crystal cores from episode
50–55 lavas. For the mg-number calculation, 90% of the total iron is assumed to be Fe2+ based on iron redox determinations of Hawaiian
tholeiites (Moore & Ault, 1965). Β, phenocrysts (0·5–2 mm in diameter); •, microphenocrysts (0·1–0·5 mm). The date below each vertical set
of olivine data is the sample number. The diagonal stippled field is the low-pressure equilibrium field for basaltic magma (Fe/Mg Kd = 0·30
± 0·03; Roeder & Emslie, 1970; Ulmer, 1989). Many of the olivines plot below the equilibrium field, especially for the lavas with higher mg-
numbers, and so probably experienced olivine accumulation. The lavas from episode 54 (B and D vents) have the lowest mg-number but the
largest range in forsterite content. This large Fo range is probably the result of magma mixing.

olivines with forsterite contents too low to be in equi- contents ever reported for Hawaiian rocks (up to 97·6%;
Table 3).librium with melts corresponding to their whole-rock

composition (Fig. 2). The olivines in these rocks are
identical in appearance to those in Pu’u ’O’o lavas
with lower mg-numbers. The positive correlation between
olivine abundance and mg-number in Pu’u ’O’o lavas Clinopyroxene
(Table 2) indicates that these lavas probably accumulated Compositions were determined for >70 cpx crystals in
olivine. Sample 11-May-98 contains olivine crystals with 12 lavas from episodes 53 and 54 (Table 4). The crystals
forsterite contents up to >89%, which are too high to are compositionally unzoned or weakly normally zoned.
be in equilibrium with the host rock mg-number. These Microphenocryst compositions in these lavas range in
high-Fo crystals show no signs of deformation and are cpx end-member components from 10 to 17% ferrosilite,
probably relics from a Pu’u ’O’o parental magma. 28 to 43% wollastonite and 47 to 53% enstatite. Matrix

Episode 54 olivines are more variable in composition, crystals have a wider range in iron content (e.g. 8–24%
with cores ranging from 78 to 85% Fo. Most of the ferrosilite). Cr2O3 contents of Pu’u ’O’o cpx are from 0·1
rare olivines in these lavas are too forsteritic to be in to 1·3 wt %, Al2O3 contents range from 1·3 to 3·8 wt %
equilibrium with the differentiated composition of their and Na2O and TiO2 contents are low (<0·25 wt % and
host rock (Fig. 2), although they are strongly zoned with <1·5 wt %). These compositions are typical of cpx from
rims in equilibrium with their bulk composition. These Hawaiian tholeiites (Fodor et al., 1975). Many of the
high-Fo olivines were probably derived from a more cpx crystals have low and variable CaO contents (e.g.
MgO-rich magma shortly before eruption. 14·1–19·1 wt % for rim to core) but nearly constant

The black olivines in the basalt xenoliths from episode mg-numbers (80·4–81·1; Table 4). These features are
indicative of disequilibrium growth (see Lofgren, 1980).51 and 53 lavas have some of the highest forsterite
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Disequilibrium cpx was also noted in the early, evolved elements relative to a highly incompatible element (e.g.
Pu’u ’O’o lavas but its presence was ascribed to magma K) define steep negative trends for episode 50–53 and
mixing (Garcia et al., 1992). No petrographic or mineral 55 lavas that overlap with and extend beyond the field
chemical evidence for magma mixing was observed in for older Pu’u ’O’o lavas (Fig. 4). There is a systematic
the episode 50–53 and 55 lavas. decrease in K at a given Ni abundance indicating a

progressive variation in parental magma composition
during the eruption. Among the incompatible trace ele-
ments, Rb and Nb varied by a factor of two for episode

Plagioclase 50–55 lavas, with less variation for Zr (1·65), Y (1·45),
Compositions were determined for phenocrysts and mi- Sr (1·4) and V (1·3). Element–element and element-ratio
crophenocrysts in two episode 54 D vent samples (Table plots of the highly incompatible elements demonstrate
5), which are the only Pu’u ’O’o lavas we have sampled that the episode 50–53 and 55 lavas overlap in com-
since episode 3 to contain plagioclase phenocrysts. These position with previous Pu’u ’O’o lavas and thus were
plagioclase crystals are strongly reversely zoned (7–8% derived from compositionally similar mantle sources. The
anorthite) from core to near the rim (>30 �m) but are episode 54 lavas are similar to early Pu’u ’O’o lavas in
normally zoned at the rim. Cr and Sr but have distinctly lower Ni and Nb for their

K concentration (Fig. 4). These differences indicate that
the episode 54 lavas are probably not related to the same
batch of magma that was tapped during episodes 1–3

WHOLE-ROCK GEOCHEMISTRY despite the close spatial relationships of their vents. The
XRF major and trace element analyses relatively small Sr variation (Table 5) and the decrease

in Al2O3 with decreasing MgO for the most evolvedNinety-two samples from episode 50–55 lavas (>1·2
rocks, especially episode 54 lavas (Fig. 3), indicates thatsamples/month over a>6·7 year period) were analyzed
the evolved lavas underwent plagioclase fractionation.by XRF spectrometry in duplicate at the University of

Massachusetts for major and trace elements (Rb, Sr, Y,
Nb, Zr, Zn, Ni, Cr and V; Table 6). For details of the
methods used and for analytical precision estimates, the

ICP-MS analysesreader is referred to Rhodes (1996). With these new
Twenty-eight samples from episodes 50 to 55 were ana-analyses, our XRF dataset for Pu’u ’O’o lavas includes
lyzed for trace elements by ICP-MS in the same laborat-395 samples (a full dataset of these analyses is available
ory (Washington State University; Table 7) as the 32on the Journal of Petrology Web page, at http://www.
lavas from episodes 1 to 48 (Garcia et al., 1996). For apetrology.oupjournals.org).
summary of the methods used, the reader is referred toThe lavas from episodes 50 to 55 extend the com-
King et al. (1993) and Pietruszka & Garcia (1999a). Thepositional range for the Pu’u ’O’o eruption (Fig. 3). A
analytical precision (1�) is estimated to be 1–3% basedlava from episode 53 (19-Jan-96) is the most MgO rich
on repeated analyses of a Kilauea basalt standardof any Pu’u ’O’o lava (10·1 wt %) and an episode 54
[Kil1919; for information on this standard, see Rhodeslava (Vent F) has the lowest MgO (5·6 wt %). Overall,
(1996) for XRF data and Pietruszka & Garcia (1999a)the episode 50–55 lavas are similar in composition to
for ICP-MS data]. Plots of highly incompatible elementsthe other Pu’u ’O’o lavas, especially for Al2O3. In detail,
show excellent linear trends for the overall Pu’u ’O’othe K2O and CaO trends are offset to lower values, with
suite with the episode 50–55 lavas extending the rangethe episode 55 lavas having the lowest values. Also, the
of the suite to both significantly higher and lower con-K2O–MgO trend is linear for episode 50–53 and 55
centrations (Fig. 5). Plots of ratios of highly over mod-lavas compared with the curved trend observed for the
erately incompatible elements vs highly incompatibleearlier episodes of the eruption and expected from crystal
elements (e.g. La/Yb vs Ba) show an overall linear trendfractionation (Fig. 3). This linear trend is probably related
with the scatter reflecting variable amounts of crystalto mantle melting processes, which are discussed below.
fractionation. The episode 54 lavas have distinctly higherThe episode 54 lavas are petrographically and geo-
La/Yb ratios compared with all previously analyzed Pu’uchemically similar to lavas from episodes 1 to 3 with low
’O’o lavas except for an episode 1 lava (Fig. 5). OnMgO contents (5·6–6·3 wt %) and are readily dis-
ratio–ratio plots of highly incompatible elements (withtinguished from other Pu’u ’O’o lavas by their relatively
the most incompatible element in the numerator; e.g.low CaO/Al2O3 (<0·78 vs >0·82).
Ba/Ce and La/Ce) the episode 50–53 and 55 lavas formCr, Ni and Zn are compatible trace elements in the
fields that overlap with the field for episode 1–48 lavasepisode 50–55 Pu’u ’O’o lavas (Table 5). Cr and Ni
but extend to lower values for the more recent lavasshow the most variation of any element in Pu’u ’O’o

lavas (factors of 6·4 and 3·3, respectively). Plots of these (1995–1998; Fig. 5). The overall decrease in La/Yb with
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Table 5: Microprobe analyses of plagioclase in two samples from vent D, episode 54

Sample type and Area SiO2 Al2O3 FeO CaO Na2O Total An %

size

ph, 0·9 mm core 52·51 30·09 0·75 12·93 4·00 100·28 64·1

near rim 50·52 31·41 0·77 14·41 3·20 100·30 71·3

rim 51·07 30·50 0·76 13·82 3·46 99·61 68·8

mph, 0·3 mm core 50·42 31·57 0·65 14·49 3·30 100·43 70·8

near rim 48·35 32·65 0·71 15·88 2·39 99·97 78·6

rim 52·73 29·91 0·63 12·86 3·95 100·08 65·3

An %, mole per cent anorthite; ph, phenocryst; mph, microphenocryts.

time could be caused by an increase in the degree of 1999a), Pu’u ’O’o lavas have the lowest 206Pb/204Pb ratios
and plot within the Loihi field (Fig. 7). Nd isotope ratiospartial melting during the eruption. The decrease in

ratios of highly incompatible trace elements cannot be have not varied beyond analytical error for the entire
eruption (Garcia et al., 1996; Table 7).explained by an increase in partial melting and instead

indicates that there was a minor change in the mantle
source composition for the more recent lavas.

MAGMATIC CONDITIONS FOR THE
PU’U ’O’O ERUPTIONPb, Sr and Nd isotopes
The Pu’u ’O’o eruption provides an excellent opportunityRatios of Pb, Sr and Nd isotopes were determined on
to examine the details of magmatic processes at an activeselected Pu’u ’O’o samples at the University of Hawaii
basaltic volcano because we have a wealth of backgroundusing a VG Sector mass spectrometer [see Pietruszka &
information on Kilauea’s basic magmatic processes (e.g.Garcia (1999a) for a summary of methods used]. Isotope
Tilling & Dvorak, 1993). Seismic evidence has docu-fractionation corrections, standard values, total pro-
mented a vertical conduit of 60 km length that suppliescedural blanks, and analytical uncertainties are given in
magma to Kilauea (Tilling & Dvorak, 1993). For theTable 8. Five samples, one each from episodes 51 and
Pu’u ’O’o eruption, magma in this conduit is thought to55, and three from 53, were analyzed for isotope ratios;
bypass the summit reservoir and feed directly into thethe data for two of these samples (29-Dec-92 and 25-
east rift zone conduit (based on the rapid change in traceApr-94) were presented by Garcia et al. (1996). Our
element geochemistry for Pu’u ’O’o lavas compared withprevious work showed that Pb and Sr isotope ratios
Kilauea summit lavas; Garcia et al., 1996). Seismic andchanged somewhat during the first 2 years of the eruption,
ground deformation studies indicate that the east rifta period of extensive magma mixing and crustal con-
zone supplies a shallow (>0·5–2·5 km depth) magmatamination (Garcia et al., 1992, 1998a), but remained
reservoir under the Pu’u ’O’o vent (Koyanagi et al., 1988;nearly constant for the next 7 years (Garcia et al., 1996).
Hoffmann et al., 1990; Gillard et al., 1996). From 1983The new isotopic data for episode 51, 53 and 55 lavas
to 1986, this reservoir was a narrow (>3 m wide), dike-show slight temporal increases in Pb and Sr isotope

ratios, although the Sr isotope variation is essentially like body (>1·6 km long and 2·5 km deep) that belched
out much of its contents during brief (>1 day), monthlywithin analytical error (Fig. 6). Pu’u ’O’o lavas deviate

from the good negative correlation observed for Pb and eruptions (Hoffmann et al., 1990). The crown of the Pu’u
’O’o magma reservoir is open, which allows heat andSr isotope ratios in most Hawaiian tholeiites (e.g. West

et al., 1987), as do Loihi tholeiites (Fig. 7). The Pb and gases to escape readily (Wolfe et al., 1988). The high
surface area and open top of this magma reservoir isSr isotopic data for tholeiites erupted during the last

>20 years from the three adjacent, active Hawaiian thought to have caused rapid crystal fractionation (>5%)
during the 20–30 day pauses between episodes 4–47volcanoes are distinctly different (Fig. 7) and demonstrate

that the Hawaiian plume source must have at least three (Garcia et al., 1992). There are no data to constrain the
current size or shape of the Pu’u ’O’o reservoir sincedistinct components [as suggested by Staudigel et al.

(1984)]. Compared with other historical Kilauea lavas episode 47 but it is assumed to have remained small (e.g.
Heliker et al., 1998b). Its shape may have changed to aanalyzed in the same laboratory (Pietruszka & Garcia,
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Fig. 3. Whole-rock MgO variation diagrams for lavas from episodes 1 to 55 of the Pu’u ’O’o eruption. The overall curved (K2O, TiO2) and
kinked (Al2O3, CaO) trends indicate that crystal fractionation was a dominant process controlling compositional variation for most Pu’u ’O’o
lavas. Some of the lavas from episodes 3 to 10 plot below the kink on the CaO diagram marking the onset of clinopyroxene fractionation. These
lavas show petrographic signs of magma mixing (Garcia et al., 1992). The scatter on these plots is greater than analytical error (the 2� error is
about symbol size), which indicates that the parental magma composition changed during the eruption. All values are in wt %. The two fields
enclose the mafic lavas from episodes 50 to 53 and 55 and the evolved lavas from episode 54. The data are from Table 5 and Garcia et al.
(1992, 1996).

more thermally efficient form with the change from Crystallization pressures for the Pu’u ’O’o reservoir
can be inferred from several lines of evidence. Seismic andepisodic to continuous effusion in mid-1986.

The temperature of Pu’u ’O’o magma just before ground deformation studies indicates that the reservoir is
shallow (<3 km depth) corresponding to pressures oferuption can be inferred from the MgO contents of glasses

(Helz & Thornber, 1987), clinopyroxene compositions <0·10 GPa (Hoffmann et al., 1990). Thermobarometry
calculations for cpx microphenocryst cores yield much(Putirka et al., 1996) and from thermocouple meas-

urements of molten lava. Temperatures of 1145–1160°C higher pressures for episode 53 magmas (>0·51± 0·09
GPa; Table 4). Similar values were also reported forhave been determined for Pu’u ’O’o glasses (Mangan et

al., 1995; Heliker et al., 1998b), which agree well with cpx microphenocrysts in lavas from episodes 9 and 10
(Putirka, 1997). Surprisingly, high pressures were alsomeasured lava temperatures (1135–1160°C). Tem-

peratures calculated from cpx matrix and micro- calculated for some matrix and microphenocryst rim
compositions (0·55 and 0·68 GPa; Table 4). These mantlephenocryst rim compositions yield similar to higher

temperatures (1158–1212°C; Table 4). Cpx micro- depth estimates (the Moho is >13 km, >4 GPa, at its
deepest point under Kilauea; Klein et al., 1987) arephenocryst cores yield consistently high temperatures

(1187–1212°C), which might be considered more rep- inconsistent with petrographic, field, experimental and
geochemical evidence, which indicates that cpx formsresentative of magmatic rather than eruption tem-

peratures. Experiments on Kilauea lava compositions late in Pu’u ’O’o lavas.
The liquidus mineralogy of a MgO-rich Pu’u ’O’o lavaindicate that lower temperatures (1160–1172± 9°C) are

more appropriate for low-pressure growth of cpx (Helz was modeled using the MELTS program (Ghiorso &
Sack, 1995) to better understand the cause of the& Thornber, 1987).
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black olivines; Table 3) is consistent with results of the
MELTS calculations that olivine formed at low pressures
(e.g. Ulmer, 1989). Thus, it is our conclusion that the
minerals in the Pu’u ’O’o lavas record only the effects
of low-pressure processes (<0·3 GPa).

If the shallow magmatic processes in the rift zone
and Pu’u ’O’o reservoir can be identified and their
compositional effects removed from the geochemistry of
Pu’u ’O’o lavas, then the geochemical signature of mantle
melting and source heterogeneity can be identified. In
the following sections, we present an analysis of the
crustal and mantle magmatic processes affecting Pu’u
’O’o lavas.

CRUSTAL MAGMATIC PROCESSES
FOR THE PU’U ’O’O ERUPTION
Olivine fractionation and accumulation
The importance of olivine in controlling compositional
variation in Hawaiian tholeiitic lavas has been recognized
for many years (e.g. Powers, 1955). This observation is
reaffirmed in Pu’u ’O’o lavas by the presence of only
normally zoned, olivine phenocrysts and the relatively
high and nearly constant whole-rock CaO/Al2O3 (>0·83)
in all Pu’u ’O’o lavas erupted since episode 20 in 1984
(except those from episode 54). In addition to olivine

Fig. 4. Variation of Nb and Ni vs K (all in ppm) for Pu’u ’O’o lavas fractionation, olivine accumulation is important in these
(fields and symbols are as in Fig. 3 except the episode 50–53 and 55 weakly to moderately olivine-phyric lavas. For example,
lavas have been subdivided by date of eruption, 1992–1994 and during a 4 month period of episode 53, the lavas exhibit1995–1998; data from Table 5). The shift towards lower incompatible

the largest MgO variation (7·1–10·1 wt %) since theelement abundance with time (except for episode 54 lavas) and the
large variation in Ni at a given K concentration relative to analytical onset of continuous effusion in 1986 but have essentially
error (about symbol size) should be noted. All values are in ppm. the same olivine composition (81·0 ± 0·5% Fo). The

overall MgO variation for the two extreme lavas from
this period (samples 11-Sep-95, which has olivine in

anomalous cpx pressure estimates. It was assumed for equilibrium with a melt of its whole-rock composition,
this modeling that the magma underwent equilibrium and 19-Jan-96, the most MgO-rich lava from the entire
crystallization, contained 0·3 wt % H2O and 0·1 wt % eruption) can be explained by accumulation of>6·9 vol.
CO2, and that its redox state was one log unit below the % olivine with 81% Fo. This result is consistent with the
FMQ (fayalite–magnetite–quartz) buffer (models were relatively large difference in olivine abundance in these
also run at FMQ with no significant change in the results). two samples (5·8± 1·5 vol. %). Good agreement between
The model results indicate that olivine is the liquidus predicted and observed olivine differences is also found
phase only at low pressures (<0·3 GPa). At moderate for the less MgO-rich sample 14-Oct-95 (8·9 wt %) and
pressures (0·3–0·6 GPa), orthopyroxene is the liquidus sample 11-Sep-95 (predicted 3·9 vol. % vs observed 3·6
phase, rather than cpx, and olivine is unstable. Euhedral ± 0·8 vol. %). These results are consistent with the
olivine is ubiquitous in all but the most evolved Pu’u observation that most of the MgO-rich, episode 50–53
’O’o lavas and orthopyroxene has not been observed lavas have olivine forsterite contents too low to be in
in any of the Pu’u ’O’o lavas. Previous studies have equilibrium with their host rocks (Fig. 2). Thus, the
consistently shown that cpx phenocrysts are rare in episode 50–53 melts probably accumulated olivine and
Kilauea lavas, except those with MgO contents <6·8 wt were less MgO rich than the episode 48 magmas.
% (e.g. lavas with>5 wt % MgO from the 1955 eruption
contain cpx; Macdonald & Eaton, 1964). Therefore, the

Crustal assimilationcalculated moderate pressure for cpx crystallization in
Pu’u ’O’o magmas is probably an artifact of their rapid Pu’u ’O’o lavas have relatively low matrix oxygen isotope
growth (as discussed above). The moderate CaO content ratios (4·6–5·2‰) and the oxygen isotope ratios for oli-

vines in many of these lavas are out of equilibrium withof the Pu’u ’O’o olivines (0·25–0·32 wt %, except in the
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does not correlate with major and trace element con-
centrations or ratios, or with the Pb, Sr or Nd isotope
compositions of Pu’u ’O’o lavas. Therefore, Pu’u ’O’o
magmas probably partially assimilated and exchanged
oxygen with a high-temperature metamorphosed Kilauea
basalt (Garcia et al., 1998a). The presence of basaltic
xenoliths with black olivines in some Pu’u ’O’o lavas
may be related to this process. The amount of crustal
assimilation was greatest (perhaps up to 12%) during the
early period of magma mixing with rift-zone stored
magmas but decreased dramatically or stopped following
the shift to continuous effusion in 1986 (Garcia et al.,
1998a).

Magma mixing: episode 54 lavas
Previous studies of Kilauea’s historical eruptions have
focused on the products of short-lived eruptions and
found that magma mixing involving a differentiated, rift
zone-stored magma and the influx of a more MgO-rich
magma is a common process (e.g. Wright & Fiske, 1971).
The lavas from the first 2 years of the Pu’u ’O’o eruption
display ample petrographic, mineral and whole-rock
chemical evidence of magma mixing (Garcia et al., 1992).
Except for the rare high-Fo (87–89%) olivines, which
may be relics from the influx of new magma, there is no
evidence of magma mixing in Pu’u ’O’o lavas erupted
from episodes 30 to 54 (a 12 year period).

Episode 54 marked an abrupt change in lava min-
eralogy and composition when evolved lavas with rare
plagioclase phenocrysts (Tables 2 and 4) erupted a few
kilometers up-rift from the Pu’u ’O’o cone (Fig. 1). The
start of episode 54 was accompanied by rapid subsidence
of Kilauea’s summit and an intrusion into the rift zone
(Heliker et al., 1998a). The episode 54 lavas have distinct
differences in mineralogy and whole-rock geochemistry
from early 1983, evolved lavas (Figs 3–5), which were
erupted from the same area. These differences indicateFig. 5. Trace element variation in Pu’u ’O’o lavas based on ICP-MS

data (fields and symbols are as in Fig. 4; data from Table 6). Plots of that they were derived from compositionally distinct
highly incompatible elements (e.g. La vs Ba) define linear trends with magmas. The mixing event for episode 54 lavas probably
decreasing values with time (except for episode 54 lavas). The scatter

occurred shortly before eruption. Otherwise, the high Foon this plot is almost within analytical error (2� error bars given for
reference). There is an overall decrease in La/Yb ratio with time content olivines in the hybrid lavas would have been
(except for episode 54 samples). The large range in Ba and La for the partially or completely re-equilibrated by diffusion. No
episode 54 rocks is probably due to extensive crystal fractionation. The suitable mixing end members are evident among theplot of highly incompatible element ratios shows a tight data cluster

Pu’u ’O’o lavas for the episode 54 lavas because the Ffor episode 1–48 lavas but distinctly lower ratios for some episode
50–55 lavas. vent sample does not lie on a mixing trend with the

other episode 54 lavas (Fig. 3). These results suggest that
Kilauea’s east rift zone, a site of frequent intrusions over
the last 50 years (Klein et al., 1987), contains many closelythe matrix (Garcia et al., 1998a). This disequilibrium is
spaced pockets of compositionally distinct magma thatthought to have occurred after the growth of olivine
can be forced to erupt by intruding dikes as suggestedbecause some of the olivines have oxygen isotope values
by Ho & Garcia (1988).consistent with growth from a ‘normal’ mantle-derived

In summary, the dominant crustal processes modifyingmagma (>5·5‰; Garcia et al., 1998a). The size of the
oxygen isotope disequilibrium between olivine and matrix the geochemistry of Pu’u ’O’o magmas are fractionation
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Table 8: Pb, Sr and Nd isotopic data for selected Pu’u ’O’o eruption lavas

Sample Episode 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 87Sr/86Sr 143Nd/144Nd

29-Dec-92∗ 51 18·397 15·460 38·016 0·703601 0·512956

25-Apr-94∗ 53 18·407 15·472 38·058 0·703605 0·512957

27-Apr-95 53 18·427 15·492 38·105 0·703607 0·512955

10-Jan-97 53 18·414 15·480 38·067 0·703604 0·512953

10-Jan-98 55 18·429 15·502 38·139 0·703610 0·512950

All isotopic measurements were made using the VG Sector solid source mass spectrometer at the University of Hawaii. Nd
and Sr isotopic fractionation corrections are 148Nd/144Nd = 0·241572 and 86Sr/88Sr = 0·1194. The data are reported relative
to standard values for La Jolla Nd (143Nd/144Nd = 0·511844) and NBS 981 Sr (87Sr/86Sr = 0·710258). Pb isotopic ratios are
corrected for fractionation using the NBS 981 Pb standard values of Todt et al. (1984). The estimated uncertainties (1�) are
based on repeated measurements of the standards: 206Pb/204Pb and 207Pb/204Pb ± 0·006, 208Pb/204Pb ± 0·017; 87Sr/86Sr ±
0·000012, 143Nd/144Nd± 0·000009. Total procedural blanks are negligible: 10–80 pg for Pb, <120 pg for Sr and <20 pg for Nd.
∗Data from Garcia et al. (1996).

Fig. 7. 206Pb/204Pb and 87Sr/86Sr ratios for recent Hawaiian tholeiitic
lavas from Kilauea, Loihi and Mauna Loa volcanoes [data from
Pietruszka & Garcia (1999a) for Kilauea, Garcia et al. (1993, 1995,
1998b) for Loihi, and Kurz et al. (1995) and Rhodes & Hart (1995) for
Mauna Loa]. The wide scatter in Pb and Sr isotopes for recent lavas
from these closely space volcanoes (triangle, Mauna Loa 1975 eruption;
square, Loihi, 1996) requires at least three source components in the
Hawaiian plume. The Pu’u ’O’o lavas deviate with the well-defined
negative trend for Mauna Loa and other Kilauea lavas; instead, they
trend towards and overlap with the Loihi field.

MANTLE-RELATED TEMPORALFig. 6. Variation in 206Pb/204Pb and 87Sr/86Sr with time for the Pu’u
’O’o eruption (data from Table 7). Pb isotopes show the greatest GEOCHEMICAL VARIATIONS
variation compared with analytical error, with most of the variation

The whole-rock compositions of the non-hybrid Pu’uwithin the first 2 years of the eruption (a period of magma mixing).
The Sr isotope ratio data define a similar but less well-defined trend ’O’o lavas from 1985 to 1998 were normalized to the
because of the small variation in this ratio relative to analytical error same ‘parental’ MgO content to allow an evaluation to
(see 2� error bars).

be made of the mantle-related geochemical variations
for this eruption. A value of 10 wt % MgO was selected
for normalization because it corresponds to the most
MgO-rich Pu’u ’O’o lava composition. Furthermore, theand accumulation of olivine. Crustal assimilation and
higher forsteritic olivines (85%) from this eruption are inmagma mixing have been important only during the

early part of the eruption and during episode 54. equilibrium with a melt of this MgO content, assuming
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90% of the total iron is Fe2+. Because olivine is the
only phenocryst in these lavas, the normalization was
performed using a mixture of 98·5% equilibrium olivine
and 1·5% Cr-spinel, a typical proportion of these minerals
in Kilauea lavas (Wright, 1971), added in small in-
crements (0·02%) to the liquid.

The results of this normalization procedure indicate
that highly incompatible elements (e.g. K) and CaO
decrease systematically with time (Fig. 8), Al2O3, Y and
Yb remain essentially constant, whereas Fe2O3 and SiO2

slightly increase. These results extend the trends that
were identified for the 1985–1992 period of the Pu’u
’O’o eruption (Garcia et al., 1996) and clearly demonstrate
a long-term systematic compositional variation for the
eruption. A systematic decrease in the abundance of
incompatible elements was also noted for the
1969–1974 Mauna Ulu eruption of Kilauea (Hofmann
et al., 1984).

MANTLE MELTING MODELS FOR
TWO PROLONGED KILAUEA
ERUPTIONS
The magmas for the Pu’u ’O’o and Mauna Ulu rift
zone eruptions of Kilauea are thought to have partially
bypassed the volcano’s summit magma storage reservoir
(Ryan et al., 1981; Garcia et al., 1996). Thus, these
eruptions potentially offer a more direct view of the
processes that generate tholeiitic basalts in the Hawaiian
mantle plume compared with Kilauea’s historical summit
lavas, which are thought to have been stored in the
summit reservoir for >30–120 years (Pietruszka & Gar-
cia, 1999b). Unlike these summit lavas (Pietruszka &
Garcia, 1999a), lavas from these two rift zone eruptions
display a rapid decrease in the abundance of highly
incompatible elements (e.g. K, Nb) and in ratios of highly
to moderately incompatible trace elements (i.e. Ce/Yb)
with little or no change in Pb, Sr and Nd isotope ratios
(Hofmann et al., 1984; Figs 6 and 8). There are, however,
important geochemical differences between these two
eruptions. The CaO contents of the Pu’u ’O’o eruption Fig. 8. Temporal variation of CaO and K2O contents (normalized to
lavas decreased over time (Fig. 8), whereas no change in 10 wt % MgO, the most MgO-rich composition erupted from Pu’u

’O’o; see text for description of the normalization procedure), Ce/Ybthe CaO abundance of the Mauna Ulu lavas erupted
and Ba/Ce ratios for Pu’u ’O’o lavas [data from Tables 5 and 6 andfrom 1969 to 1971 was observed (Hofmann et al., 1984). Garcia et al. (1992, 1996)]. The overall decrease in these variables

Furthermore, ratios of highly incompatible trace elements during the course of the eruption should be noted. These changes
require a depletion in the source for Pu’u ’O’o lavas with time. Χ (on(e.g. Ba/Ce) also decreased slightly over time for the
the ratio plots), samples used for the modeling shown in Table 8, whichPu’u ’O’o lavas, whereas these ratios are constant in the
was constrained to produce the observed ratios for Ce/Yb and Ba/

Mauna Ulu lavas (Hofmann et al., 1984; Fig. 8). The Ce. The 2� errors are given in the upper right corner of each plot.
incompatible trace element ratio changes for both erup-
tions are consistent with the relative incompatibility of
these elements during mantle melting (e.g. Hauri et al., the compositional variation for these lavas. Below, we
1994). This suggests that partial melting processes, rather evaluate two models that have been proposed to explain

the large compositional variation in prolonged Kilaueathan source heterogeneity, are the dominant controls on

985



JOURNAL OF PETROLOGY VOLUME 41 NUMBER 7 JULY 2000

eruptions with little or no change in Pb, Sr and Nd (Hofmann et al., 1984) and a decrease with time was
observed for the Pu’u ’O’o eruption (Fig. 8).isotopes: batch melting of a homogeneous source (Hof-

mann et al., 1984) and progressive source depletion
through mantle melting (Garcia et al., 1996).

Both melting models require an estimate of the degree
Progressive melting and source depletionof partial melting for the earliest Pu’u ’O’o lavas. We
Alternately, the temporal decrease in the incompatiblechose an initial melt fraction of 10% for Pu’u ’O’o
trace element ratios (e.g. Ce/Yb and Ba/Ce) of Pu’ulavas based on our previous results of modeling Kilauea
’O’o lavas may result from an increase in the proportionhistorical lavas (Pietruszka & Garcia, 1999a). This es-
of melt derived from a depleted source component. Thetimate is derived from the systematic temporal variations
relatively constant Pb, Sr and Nd isotope ratios of Pu’uin Pb, Sr and Nd isotope and incompatible trace element
’O’o lavas suggest that this depletion is a recent con-ratios at this volcano over the last 200 years, which are
sequence of melting within the Hawaiian plume. In thisthought to result from the short-term changes in the
context, Garcia et al. (1996) proposed that the geochemicalcomposition of the mantle source and the degree of
variations of Pu’u ’O’o lavas were caused by an eruption-partial melting. In the context of this model, Pu’u ’O’o
related modification of the Kilauea’s mantle sourcelavas formed at relatively high melt fractions compared
through progressive mantle melting and depletion. Theirwith other historical Kilauea lavas, on the basis of their
model assumed that the later Pu’u ’O’o lavas formed bylow ratios of highly over moderately incompatible trace
a simple remelting of the same source that produced theelements (e.g. Ce/Yb). The source mineralogy and the
early lavas (e.g. at a constant melt fraction of 10%melting mode for the melting model are essentially the
throughout the eruption). In testing this model, however,same as used by Hofmann et al. (1984) for the Mauna
we discovered that it fails to explain the overall chemistryUlu eruption. We found that the modeling results were
of Pu’u ’O’o lavas because the magmas generated fromrather insensitive to the melting mode, which was also
a remelted source would have incompatible trace elementpointed out by Hofmann et al. (1984).
abundances and ratios much lower than observed.

To overcome this problem, we considered a more
complex progressive melting model using two source

Batch melting of a homogeneous source components (an ‘initial’ and a ‘depleted’) with the same
isotopic composition. The ‘depleted’ source componentThe temporal decrease in ratios of highly over moderately

incompatible trace elements for Mauna Ulu lavas can is assumed to have experienced a relatively small amount
of prior melt removal (compared with the total meltbe explained by a 20% relative increase in the degree of

batch partial melting during the eruption (Hofmann et fraction). The ‘depleted’ source was mixed with the
‘initial’ source, and this mixed source was partially meltedal., 1984). This model is consistent with the relatively

constant ratios of Sr and Nd isotopes and of highly to form the subsequent Pu’u ’O’o lavas. To determine
the possible extent of previous melting for the ‘depleted’incompatible trace elements (e.g. Ba/Ce) in lavas from

this eruption. A similar model for Pu’u ’O’o lavas (see source component, we evaluated a range of values from
0·1 to 10% (i.e. slightly to strongly depleted sources,Table 9 for model parameters) also requires an >20%

relative increase in the degree of partial melting to respectively). Good residuals are obtained for in-
compatible element abundances and ratios using thisexplain the variation in ratios of highly over moderately

incompatible trace element (Ce/Yb; Fig. 8). However, a model only if this parameter is <10%. If the amount of
previous melting is >3%, the total degree of partialsimple increase in the degree of partial melting cannot

account for the slight temporal decrease of highly in- melting during the eruption remains nearly constant at
>10± 1% (Table 9). For smaller or larger amounts ofcompatible trace element ratios observed for Pu’u ’O’o

lavas (e.g. Ba/Ce; Fig. 8) as a result of the relatively high recent melt removal, the model predicts that the degree
of partial melting during the Pu’u ’O’o eruption increasesmelt fraction expected for Kilauea tholeiites (5–10%;

Pietruszka & Garcia, 1999a). Furthermore, this batch or decreases over time, respectively. The maximum
amount of recent melt removal permitted by the modelmelting model is inconsistent with experimental results

(Kushiro, 1996) for partial melting of a fertile garnet is>7% because, at higher values, the total melt fraction
for the late Pu’u ’O’o lavas would be <5%, which islherzolite source at 3 GPa (the mantle source conditions

that are thought to be needed for generation of Kilauea outside the range expected for Hawaiian shield lavas
(5–20%; Watson, 1993). In all cases, the model resultsmagmas; Hofmann et al., 1984), which show that CaO

should increase with increasing degrees of partial melting suggest that the relative amount of the ‘depleted’ source
component increased progressively during the eruption,up to >20% (when cpx disappears). This expected

increase in CaO content with increasing degree of partial although magnitude depends on the amount of recent
melt removal to form the ‘depleted’ source. For 3%melting was not observed for the Mauna Ulu eruption
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recent melt removal, which gave the lowest residuals, the systematic decrease in ratios of highly incompatible ele-
ments cannot be explained by batch melting of a homo-amount of the ‘depleted’ source increases from 0 to

>25% (Table 9). Although the assumptions used in this geneous source, as was invoked for the Mauna Ulu
eruption, nor can a simple progressive melting modelmodeling are based on previous studies, they may seem

somewhat arbitrary. None the less, the modeling results explain them. Instead, Pu’u ’O’o magmas appear to have
been produced by melting a mixed source with bothdemonstrate that the progressive melting model provides

a better explanation for the geochemical variation of the components having the same isotopic composition. The
depleted source component was probably previously mel-Pu’u ’O’o lavas than other models we considered.

We favor >3% recent melt removal to form the ted by >3% relative to the initial source component.
The percentage of the depleted component in Pu’u ’O’o‘depleted’ source component (Table 9) because (1) the

overall lava output rate has not changed during the Pu’u lavas progressively increasing during the eruption from
0 to >25%. The depleted source must have formed’O’o eruption and (2) a small value for this factor is

required to account for the subtle temporal decrease in recently to have avoided a change in its Pb, Sr and Nd
isotope composition but is probably not related to athe Th/U, Ba/Th, and Ba/U ratios of Pu’u ’O’o lavas

(as determined by high-precision isotope dilution Kilauea shield stage eruption because its extent of melting
was too low. Given the isotopic similarity of lavas frommethods; A. Pietruszka, unpublished data, 1999). Phys-

ically, this removed melt could have been incorporated Pu’u ’O’o to many from the adjacent, younger volcano,
Loihi, the melting region for the two volcanoes mayinto the early eruptive products of Pu’u ’O’o, a previous

Kilauea eruption, or, possibly, an eruption from the partially overlap.
Prolonged eruptions such as Pu’u ’O’o offer an op-adjacent younger volcano, Loihi. If the amount of melt

removal was >3%, then it is unlikely to be related to a portunity for a better understanding of crustal and mantle
magmatic processes within active volcanoes. It will beKilauea eruption during its shield stage (last 400 ky;

Quane et al., 2000) because the range in melt fractions interesting to see if the lessons learned from this eruption
are applicable to eruptions at other oceanic island vol-for Hawaiian tholeiitic basalts is expected to be higher

(5–20%; Watson, 1993). Kilauea’s melting region may canoes.
have progressively encroached upon a source that was
melted to form Loihi’s alkalic and transitional lavas,
which are thought to have formed by lower degrees of

ACKNOWLEDGEMENTSmelting than tholeiitic lavas (e.g. Watson, 1993). Three
This paper is dedicated to the memory of Keith Cox,additional lines of evidence favor a Loihi source: (1) Pu’u
an icon of modern petrology. His friendship to students’O’o lavas are isotopically similar to some Loihi lavas
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