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Long-term geochemical monitoring of lavas from the continuing
25-year-old Pu‘u “O°G eruption allows us to probe the crustal and
mantle magmatic processes beneath Kilauea volcano in unparalleled
detail. Here we present new Pb, Sr, and Nd isotope ratios, major and
trace element abundances, olivine compositions, and petrographic
data_for Puu ¢ O°G lavas erupted from 1998 to 2005. Olivine fractio-
nation and accumulation are important crustal processes for the
eruption, with minor clinopyroxene fractionation observed in the
most recent lavas. Small, yet systematic variations in ¥ Sr/*°Sr and
incompatible trace element ratios, and MgO-normalized major ele-
ment abundances document rapid changes in the parental magma
composition delivered to Pu‘u “O°. Recent (1998-2003) lavas dis-
play a systematic temporal evolution towards an intermediate area
between the compositional fields of historical Kilauea and Mauna
Loa lavas. At least three distinct mantle source components are
required to explain the overall isotopic and chemical variability
of Puu O lavas. Tiwo of these source components observed in
pre-1998 Puu O lavas have similar Pb, St, and Nd isotope
ratios, although one underwent a recent (<8 ka) small-degree melt-
ing event and became depleted in incompatible trace elements. This
recently depleted component was an increasingly important source
Jor lavas erupted between 1985 and 1998. The third component is
a hybrid mixture of nearly equal portions of Kilauea- and Mauna
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Loa-like mantle source compositions. It was progressively tapped in
greater amounts from 1998 to 2003 and then subsequently decreased.
The increasing tmportance of the hybrid source can be explained if
melt pathways migrated from an area within Kilauea’s typical melt-
ing region (important for the 1985-1998 lavas) towards Mauna
Loa, where a similar proportion of Kilauea- and Mauna Loa-like
mantle components might exist. The Puu <O data suggest that
Kea and Loa mantle components are distributed on a fine-scale
within the Hawavian plume, and both are present beneath Kilauea
volcano. Based on the geochemical and isotopic variations during the
Pu‘u <O eruption, the estimated volume for Kilauea and Mauna
Loa compositional heterogeneities is < 10-35 km’.

KEY WORDS: Hawaw; RKilauea; volcanoes; geochemistry; mantle
heterogeneity

INTRODUCTION

Time-series studies of geochemical variations during
long-lived eruptions or eruptive sequences provide valu-
able insight into the magmatic processes within active
volcanoes (e.g. Arenal, Costa Rica, Bolge et al., 2006;
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Fig. 1. Location map of the Puu ‘O'o eruption flow field (dashed outline) on the East Rift Zone of Kilauea volcano, Hawai‘i (after Mittelstaedt
& Garcia, 2007). Lava erupted from two primary vents: the Puu ‘O'0 cone between 1983 and 1986 and between 1992 and 2007 (episodes 447,
50-53, and 55), and at Kupaianaha between 1986 and 1992 (episodes 48 and 49). The inset map shows the distribution of Loa (H, Hualalai; ML,
Mauna Loa; L, Lo‘ihi) and Kea (KO, Kohala; MK, Mauna Kea; KI, Kilauea) volcanoes.

Etna, Italy, Rizzo et al., 2006; Grimsvotn, Iceland,
Sigmarsson et al., 1992; Paricutin, Mexico, Wilcox, 1954;
McBirney et al., 1987; Piton de la Fournaise, Réunion,
Vlastelic et al., 2005). These studies provide a detailed view
of the crustal- and mantle-related magmatic processes
occurring on short time scales (days to years). Kilauea
volcano, located on the island of Hawai' (Fig: 1), has erupted
(~4-3 km® Macdonald et al., 1983; Sutton el al., 2003)
frequently during the past 200 years, making it an ideal
location to investigate temporal variations in lava chemistry
that are related to changes in mantle source composi-
tions and melting conditions within the Hawaiian plume.

Previous seismic and petrological studies suggest that
Kilauea magmas originate from partial melting at mantle
depths >60-80 km within the upper Hawaiian plume
(e.g. Eaton & Murata, 1960; Watson & McKenzie, 1991;
Tilling & Dvorak, 1993). Rapid melt extraction from the
mantle source region into chemically isolated channels
(e.g. McKenzie, 1985; Williams & Gill, 1989) is probably
the dominant melt transport mechanism beneath Kilauea
because it provides a relatively large amount of melt
for sustained, high-volume eruptions such as Puu ‘O
(Pietruszka et al., 2006). After accumulating, these melts
are thought to ascend through a primary conduit deliver-
ing magma to Kilaueas shallow (2-6km deep) magma
reservoir, and may subsequently erupt in the summit
caldera or feed the volcano’s two rift zones (e.g. Tilling &
Dvorak, 1993; Wright & Klein, 2006).

The Puu ‘O0 eruption is the longest sustained
(25+ years) and most voluminous (~3 km® erupted lava)
historical eruption of Kilauea volcano (Garcia et al., 2000;
Heliker & Mattox, 2003). Pu‘u ‘O‘6 magmas are thought to
partially bypass the summit reservoir (based on the rapid
variations in incompatible trace element ratios for Pu'u
‘06 lavas compared with Kilauea summit lavas) before
intruding Kilauea’s East Rift Zone to feed a shallow
(<3 km depth) magma reservoir system beneath the Pu'u
‘06 cone (Garcia et al., 1996; Shamberger & Garcia, 2006).
Since the start of the eruption in January 1983, there have
been small but systematic variations in the Pb, Sr, and
O isotope ratios and major and trace element abundances
of Pu‘u ‘O'6 lavas. These fluctuations provide an unprece-
dented opportunity to document the crustal processes
(e.g. crystal fractionation and accumulation, and crustal
assimilation) and mantle source and melting variations
(e.g. mantle source heterogeneity, and melt produc-
tion, extraction, and transportation) within the Hawaiian
plume on a time scale of months to years (e.g. Garcia et al.,
1989, 1992, 1996, 1998, 2000; Putirka, 1997; Thornber, 2001,
2003; Pietruszka et al., 2006).

Two different length scales of mantle heterogeneity
within the Hawaiian plume have been recognized based
on the distinct isotopic variations of single volcanoes.
Large-scale heterogeneity has been proposed based on the
persistent intershield geochemical differences of Hawaiian
volcanoes over tens to hundreds of thousands of years
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(e.g. Frey & Rhodes, 1993; Chen et al., 1996), and the long-
term differences in Pb isotope ratios (Tatsumoto, 1978;
Abouchami et al., 2005) along two NW—SE-trending loci
of volcanoes (Fig. 1): the northeastern ‘Kea’ trend (e.g.
Kilauea) and the southwestern ‘Loa’ trend (e.g. Mauna
Loa). The Kea end member is defined by higher
25pb2*Ph and "Nd/"**Nd and lower ¥Sr/*®Sr and is
predominantly observed in lavas from Kilauea, Mauna
Kea, West Maui, and East Molokai volcanoes (Stolper
et al., 1996; DePaolo et al., 2001; Blichert-Toft et al., 2003;
Eisele et al., 2003; Xu et al., 2007). The Loa end member
is defined by higher *’Sr/**Sr and lower "*Nd/"**Nd and
205Pb/2*Ph and is mostly observed in lavas from Mauna
Loa, Hualalai, Lanai, Kahoolawe, West Molokai and
Koolau volcanoes (Hauri, 1996; Lassiter & Hauri, 1998;
Abouchami et al., 2005; Fekiacova et al., 2007).

Single volcanoes (e.g. Kilauea and Mauna Loa) also
record isotopic variations over shorter time scales (years
to centuries) that are attributed to partial melting of
small-scale compositional heterogeneities within the
plume (e.g. Frey & Rhodes, 1993; Kurz et al., 1995; Rhodes
& Hart, 1995; Pietruszka & Garcia, 1999a; Marske et al.,
2007). Estimates for the size and shape of small-scale het-
erogeneities range from vertical streaks that are several
tens to hundreds of kilometers long (e.g. Farnetani et al.,
2002; Eisele et al., 2003; Abouchami et al., 2003) to hetero-
geneous blobs set in a compositionally distinct matrix
(e.g. Frey & Rhodes, 1993; Rhodes & Hart, 1995; Blichert-
Toft et al., 2003). A range of vertical length scales for these
compositional heterogeneities from 6-5-160 km (Blichert-
Toft et al., 2003) to 0-06-12km (Kurz et al., 2004) have
been estimated based on isotopic fluctuations recorded
in 550-180 ka Mauna Kea lavas. In contrast, the presence
of a pancake-shaped heterogeneity (>18km wide and
<5-10km thick) has been inferred based on systematic
Pb, Sr, and Nd isotopic fluctuations in young prehistoric
(<26 ka) Kilauea and Mauna Loa lavas (Marske et al.,
2007). Unlike these previous studies, which document the
size of mantle heterogeneities on a scale of hundreds to
thousands of years, the Pu‘u ‘O%6 eruption offers an oppor-
tunity to probe the finer-scale compositional variations
related to distinctive mantle sources on very short time
scales (months to years). Here we provide a comprehensive
petrological evaluation of the most recent (1998-2005)
Pu‘u ‘OG5 lavas using petrography, olivine and whole-rock
chemistry, and Pb, Sr, and Nd isotope ratios, and discuss
the compositional evolution of these lavas and their impli-
cations for the nature and scale of mantle source hetero-
geneity within the Hawaiian plume.

OVERVIEW OF THE PU‘U ‘O‘0
ERUPTION

The onset of the eruption (episode 1) in January
1983, began with intermittent fire fountaining along an

HETEROGENEITIES IN HAWAIIAN PLUME

8-km-long fissure system in the middle of Kilauea’s East
Rift Zone (Wolfe et al., 1987; Garcia et al., 1989; Fig. 1).
During episodes 2 and 3, activity was localized to a 1km
section of the fissure system. A central vent, Puu ‘(_)‘6, was
the focus of effusion for episodes 4—47 (June 1983—June
1986). These episodes were generally short-lived (5—-100 h)
with variable (10400 m) lava fountaining heights (Garcia
et al., 1992; Heliker & Mattox, 2003). In July 1986, the
primary vent migrated 3 km downrift from the Puu ‘O
cone to the Kupaianaha lava shield (Fig. 1). This shift coin-
cided with a change in eruptive style from episodic, fire-
fountaining events to nearly continuous and gentle effusion
(Garcia et al.,1996). Kupaianaha was the site of nearly con-
tinuous lava effusion (episodes 48 and 49) until February
1992, when activity shifted back to Puu ‘O‘G From
February 1992 to January 1997 (episodes 50-53), a shield
60 m high and 1-3km in diameter was built at Puu ‘06
(Heliker et al., 1998). On January 29, 1997, the lava lake
inside the Pu‘u ‘O'6 shield suddenly drained, and a 22h
eruption (episode 54) occurred 2—4km uprift (Harris
et al., 1997, Thornber et al., 2003).

Tollowing a 24 day hiatus, episode 55 began, marking
the longest (1997-2007) and most voluminous (~1-6 km?)
effusive interval for this eruption. Episode 55 activity
displayed nearly continuous eruption of lava (except for
infrequent 1-4-day pauses) from vents on the south and
west flanks of the Pu‘u ‘O°G cone (Garcia et al., 2000;
Heliker & Mattox, 2003). The most significant event
during episode 55 occurred on September 12, 1999, when
magma-induced earthquake swarms and surficial deflation
of the Pu‘u ‘O'5 cone were followed by intrusion of magma
into the upper East Rift Zone of Kilauea (Nakata et al.,
2000). An 11day hiatus followed as magma supplying the
Pu‘u ‘O cone was temporarily diverted to the upper rift
zone. Episode 55 ended after a 1day eruption (episode 56)
that occurred ~6km uprift of the Pu‘u ‘O'G cone in mid-
June 2007 (Poland et al., 2008). Following a 2 week pause,
lava effusion resumed in early July 2007, and, as of May
2008, lava continues to erupt from a vent 2 km downrift
of the Pu‘u ‘O%6 cone.

PETROGRAPHY

A majority of samples studied here were collected in
a molten state and most were quenched in water. The
sample label (e.g. 17-Aug-01) is the date it was collected,
and in nearly all cases is within a day of when it was
erupted. The vast majority of the 1998-2005 Pu‘u ‘O
lavas petrographically studied are glassy, strongly vesicu-
lar, friable and aphyric to moderately olivine-phyric
(<3vol. % phenocrysts; Table 1). Olivine is almost always
the only phenocryst in these samples and is usually
small (~0-5-1mm in diameter), euhedral and undeformed
with spinel and glass inclusions. Olivine is somewhat less
common (~lvol. %) in the 1998-2005 lavas compared

1299



JOURNAL OF PETROLOGY VOLUME 49 NUMBER 7 JULY 2008

Table 1: Modal mineralogy of representative 1996-2005
Puu <00 lavas

Sample Whole-rock  Olivine Clinopyroxene Plagioclase Matrix
MgO (wt %) ph mph ph mph mph
21-Jan-98 7-96 06 36 0-0 0-0 0-0 95-8
13-Feb-99 7-41 06 34 0-0 14 0-2 94.4
19-Jun-99 817 09 25 0-0 0-1 0-0 96-5
11-Aug-99 6-85 00 20 0-0 0-4 0-6 97.0
27-Oct-99 7-98 06 38 0-0 02 0-4 95.0
4-Jan-00 9-64 30 32 0-0 12 0-8 918
21-Jun-00 7-23 25 06 0-0 17 0-6 94.-6
4-Aug-00 829 28 26 0-0 14 1.0 92:2
8-Apr-01 7-93 19 37 <01 2.8 0-2 914
29-Sep-01 6-69 00 19 0-0 2.0 11 95.0
12-Apr-02 8.03 28 3.0 0-0 30 0-4 90-8
20-Aug-02 811 16 28 0-6 30 0-2 91-6
21-Nov-02 7-39 06 1.0 0-0 <01 0-0 98-4
12-Mar-03 7-53 24 28 0-0 1.0 0-2 93-6
29-Aug-03 6-87 06 16 <01 0-8 0-2 96-8
15-Jan-04 718 16 06 <01 30 0-6 942
23-Jul-04 697 06 06 0-0 30 14 94-4
31-Oct-04 6-90 1.8 3.0 0-0 14 0-8 93-0
6-Feb-05 7-03 08 20 0-0 0-8 0-8 95-6
23-Jun-05 6-85 10 16 0-0 0-4 0-2 96-8

All values are invol. % and are based on 500 point counts/
sample, without vesicles. Phenocrysts (ph) are >0-5mm
long; microphenocrysts (mph) are 0-1-0-5 mm long. Matrix
contains glass and crystals <0-1mm long.

with those from the preceding 6 years of eruptive activity
but similar in abundance to lavas erupted from the
Kupaianaha vent (1986-1992; Garcia et al., 1996). The
total olivine abundance (phenocrysts and micropheno-
crysts) generally correlates with whole-rock MgO content,
although it can vary ~4vol. % for a given MgO (Table 1).
Clinopyroxene phenocrysts are rare in the 1998-2005 Pu‘u
‘06 lavas, yet microphenocrysts of clinopyroxene (up to
3vol. %) are present in almost all of these lavas (Table 1).
In contrast, clinopyroxene is absent or rare (<lvol. %) in
carlier Pu‘u ‘OG lavas (except in the more evolved 1983
lavas; Garcia et al., 1992, 1996). Clinopyroxene crystals are
small (0-1-0-3 mm), occur commonly in clusters of 3—12
grains, and commonly display sector zoning. Plagioclase
microphenocrysts occur in most of the 1998-2005 Pu‘u
‘06 lavas, although they are usually rare (<lvol. %;
Table 1) and small (0-1-0-2mm wide laths). Plagioclase
is less common in earlier erupted Puu ‘OG lavas (except
for the lavas from episodes 1-10 and 54, which were
affected by magma mixing in Kilauea’s East Rift Zone

(Garcia et al., 1989, 1992, 2000; Thornber et al., 2003). The
groundmass of the 1998-2005 lavas generally consists of
honey—brown glass or black cryptocrystalline material
with microlites (<0-lmm) of plagioclase, clinopyroxene,
olivine, and spinel.

OLIVINE COMPOSITION

A five spectrometer Cameca SX-50 electron microprobe
with SAMx automation was used for the olivine analyses
at the University of Hawaii using techniques described
by Garcia et al. (2000). Olivine compositions (Table 2)
were determined for 175 olivine crystals from 19 lavas
erupted between 1998 and 2005 that span a wide composi-
tional range (whole-rock MgO contents of 6:7-9-5 wt %).
All of the analyzed olivine crystals are unzoned or nor-
mally zoned with up to 3% forsterite (Fo) variation from
core to rim. The forsterite content of the olivine cores range
from 76-5 to 86-0% (Fig. 2) with phenocrysts and micro-
phenocrysts overlapping in composition. The average Fo
content is ~811 %, which is similar to lavas from the pre-
vious 6 years and somewhat lower than olivines in the ear-
lier lavas (1986—1992) erupted from the Kupaianaha vent
(~82-5% on average; Garcia et al., 1996, 2000). The NiO
and CaO contents in the olivines are moderate (Table 2)
indicating crystallization at crustal depths from somewhat
fractionated parental magmas (e.g. Garcia, 2002).

Olivines in the 1998-2005 lavas typically have Fo com-
positions that are in equilibrium with their whole-rock
Mg-number, particularly for lavas with lower Mg-number
(<58; Fig. 2). Most samples with Mg-number >58 have
olivine compositions that plot below the equilibrium
field, especially the sample with the highest Mg-number
(4-Jan-00; Fig. 2). The higher Mg-number lavas probably
accumulated olivine, which is consistent with their higher
abundance of this mineral (e.g. 4-Jan-00 contains the high-
est olivine content; Table 1). The highest measured forsterite
content of olivine within the 1998-2005 lavas (LFogg) occurs
in a sample with an intermediate Mg-number, 21-Jan-98
(Table 2). This olivine, like all of the other crystals, shows
no signs of deformation. Thus, it is probably indicative
of the parental magma composition for recent Puu ‘O
lavas (Mg-number ~59; Iig. 2), consistent with estimates
for previous Pu‘u ‘O%6 lavas (Garcia ef al., 2000).

WHOLE-ROCK ANALYTICAL
METHODS

Eighty-two new Pu‘u ‘O%6 lava samples erupted between
1998 and 2005 were analyzed for major and trace element
(Rb, Sr, Y, Nb, Zr, Zn, Ni, Cr, V, Ba, and Ce) abundances
over a 7 year period using X-ray fluorescence spectrome-
try (XRF) at the University of Massachusetts (Table 3).
The Kilauea basaltic standards collected from the same
flow, K1919 (n=13) and BHVO-1 (n=13), were run as
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Table 2: Representative microprobe analyses of olivine cores

Sfrom 1998-2005 Puu < 06 lavas

Sample Si0,  FeO NiO MgO CaO Total Fo Mg-no.
21-Jan-98 3889 1714 022 4246 026 9898 815 589
3916 1673 0-21 43.01 025 9937 821
3974 1328 035 4564 020 9922 860
13-Feb-99 3936 1803 018 4186 027 9964 805 573
3911 1676 022 4326 024 9959 821
3964 1594 026 4388 025 9996 831
19-Jun-99 3928 1722 019 428 025 9948 816 594
3953 1696 022 4297 026 9995 819
11-Aug-99 3913 1751 019 4240 026 9949 812 556
3927 1713 022 4279 026 9967 817
3931 1619 021 4345 022 9938 827
4-Jan-00 3878 1782 0-16 4229 028 9934 809 626
3886 1750 0-21 4257 028 9942 813
3904 1729 019 4292 027 9972 816
21-Jun-00 3892 1782 016 4233 — 99-51 809 569
3895 1759 0-17 4255 — 9951 812
3929 1724 018 43.08 — 100-04 817
4-Aug-00 3872 1742 018 4247 030 9910 813 598
3869 1737 0-16 4259 027 9907 814
8-Apr-01 3855 19441 0-16 4126 025 9964 791 588
3868 1834 0-16 42.08 026 9963 804
3876 1712 020 4324 025 9957 818
29-Sep-01 3843 2155 012 3944 — 99-83 765 547
3888 1868 0-14 4162 — 99-61 799
3905 1781 0-18 4255 — 99-87 810
12-Apr-02 3887 1802 018 4226 025 9957 807 590
3910 1728 0-18 4275 023 9954 815
3945 1557 023 44.04 022 9951 834
20-Aug-02 3925 1795 023 4242 027 10013 80-8 591
3911 1768 020 4268 026 9994 811
3942 1635 020 4357 025 9979 826
21-Nov-02 3911 17999 019 4254 025 10009 808 57-1
3905 17443 020 4267 027 9962 814
3914 1686 021 4332 025 9978 821
12-Mar-03 3926 1760 021 4235 026 9969 811 575
3908 1738 0-17 4227 026 9915 813
3902 1714 021 4246 026 9909 815
29-Aug-03 40-06 1795 016 4089 034 9941 802 553
3977 1746 019 4162 027 9930 809
3992 1733 014 4183 025 9946 811

(continued)

HETEROGENEITIES IN HAWAIIAN PLUME

Table 2: Continued
Sample Si0, FeO NiO MgO CaO Total Fo Mg-no.
15-Jan-04 3938 1825 019 4199 027 10008 804 565
3935 1760 022 4236 026 9979 811
23-Jul-04 3970 1844 018 4144 026 100-02 800 559
3979 1780 022 41.96 026 100-04 80-8
3943 1745 020 418 025 9922 811
31-Oct-04 3835 1883 0-19 4152 0-29 99.17 797 556
3867 1868 023 41.73 0-30 99.-61 799
38563 1802 025 4213 026 9919 806
6-Feb-05 3818 1926 019 4151 0-33 9948 793 561
3894 1864 017 4159 0.27 99.62 799
3916 1707 028 42.95 0-27 99.73 818
23-Jun-05 3850 1903 023 4112 0-30 99.19 794 554
38:85 18.08 023 42.00 0-28 9945 805
3892 1694 028 42.95 0-27 9936 819

Values are the average of three spot analyses per sample.
All oxides concentrations are in wt %.
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Fig. 2. Representative whole-rock Mg-number [(Mg/Mg + Fe?™) x
100] plotted against olivine core forsterite content (Fo %) for
1998-2005 lavas. The Mg-number is calculated assuming 90% of the
total iron is Fe?*, which is consistent with measurements on Kilauea
lavas (e.g. Moore & Ault, 1965; Byers et al., 1985; Rhodes & Vollinger,
2005). The date with each set of olivine data is the sample number.
The diagonal field is the shallow pressure (latm) equilibrium field
for basaltic magma (Fe/Mg K4 =0-30 £0-03; Roeder & Emslie, 1970;
Ulmer, 1989). Lava samples that plot below the equilibrium field
(e.g. 4-Jan-00) have probably experienced olivine accumulation.

internal controls for major and trace element abundances
during this period, respectively (Table 3). All Puu ‘O
samples presented here were analyzed in the same XRF
laboratory using the same calibration procedures. Thus,
any long-term analytical drift in the major and trace
element abundances is expected to be relatively minor.
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Table 3: Whole-rock XRF analyses of 1998-2005 Pu'u 0’0 lavas

Sample Day SiO, TiO, AlLO3 Fe;O; MnO  MgO CaO NaO K0 P,0Os Total Y Sr Rb Nb Zr Ni Cr V Zn Ba Ce

17-Jan-98 5493 50-16 2.282 1270 1248 018 926 1042 221 0402 0215 10031 232 297 70 117 139 146 519 273 115 96 28
11-May-98 5607 5021 2316 12.80 12:40 0-17 910 1040 210 0405 0221 10013 235 301 71 122 142 168 549 274 115 99 26
25-Jun-98 5652 50-54 2.393 1336 11.98 0-17 7562 1095 222 0416 0232 9977 244 316 68 124 142 95 465 289 112 100 30
7-Sep-98 5726 50-26 2-353 1298 1232 0-17 865 10568 224 0406 0224 10016 237 306 75 124 145 145 493 278 115 97 30
14-Nov-98 5794 5030 2345 1299 1221 0-18 838 10656 220 0409 0229 9987 240 308 64 121 140 133 489 283 113 101 27
13-Feb-99 5885 50-58 2-400 1337 1214 017 7-41 1091 234 0416 0235 9998 244 315 72 125 146 89 38 281 113 97 32
13-Mar-99 5913 50-17 2344 13.07 12:29 0-17 8.08 1067 230 0406 0229 9970 239 306 73 123 143 120 449 276 114 96 29
13-Apr-99 5944 50-11 2.281 1279 1245 0-17 903 1042 227 0393 0224 10013 232 299 71 119 140 141 499 270 114 94 28
25-Apr-99 5956 50-47 2:3256 1310 1217 0-18 816 1065 211 0404 0225 9977 241 307 66 120 139 111 450 286 114 99 29
19-Jun-99 6011 50-30 2324 13.07 12:29 017 8.17 1064 228 0402 0228 9987 237 305 73 121 143 119 440 275 114 99 28
14-Jul-99 6036 50-36 2-340 13-10 1228 017 803 1070 231 0402 0229 9992 239 308 74 122 143 109 425 277 114 96 30
11-Aug-99 6064 50-66 2398 13-38 12.04 0-17 685 1098 233 0415 0232 9945 248 316 70 126 148 73 327 281 113 90 29
27-Oct-99 6141 50-33 2320 1302 1226 0-17 798 1064 236 0400 0227 9971 238 307 67 121 143 105 406 277 114 88 31
20-Nov-99 6165 50-34 2333 1313 1222 0-18 769 1073 237 0402 0224 9961 240 308 69 123 144 87 371 273 113 8 29
29-Dec-99 6204 5039 2325 13.04 12:28 0-17 7-87 1065 230 0404 0227 9966 241 306 67 120 143 96 404 276 113 83 29
4-Jan-00 6210 4972 2217 1246 12.56 0-18 954 1014 224 0378 0217 9964 231 292 64 116 136 140 489 261 113 97 24
19-Feb-00 6256 50-27 2275 1287 12:36 0-18 855 1050 217 0386 0222 9979 237 299 67 116 138 111 440 270 114 98 27
26-Mar-00 6292 50-83 2336 1314 1221 0-18 797 1075 221 0398 0225 10024 238 303 64 120 140 102 419 272 113 100 29
8-Apr-00 6305 50-71 2.388 1337 11.98 0-18 710 1101 236 0408 0230 9973 245 309 67 121 143 76 348 280 114 91 27
6-May-00 6333 50-83 2:355 1322 1214 0-18 765 1080 216 0397 0226 9995 240 304 68 119 140 90 372 272 113 89 26
6-Jun-00 6364 50-71 2:306 1291 1224 0-18 824 1060 221 0390 0-222 100-00 237 300 66 117 138 107 419 271 113 85 28
21-Jun-00 6379 51-01 2:361 1333 12.04 018 723 1088 231 0405 0228 99-98 244 308 66 122 143 80 354 282 113 88 29
14-Jul-00 6402 50-50 2-253 1274 1240 0-18 884 1036 218 0-387 0-220 100-07 233 292 62 113 135 1356 469 268 115 83 29
4-Aug-00 6423 50-77 2288 1293 1228 0-18 829 1066 217 0390 0224 10010 239 299 64 117 138 112 416 276 113 93 28
12-Oct-00 6492 51.00 2-311 1309 1218 0-18 785 1070 218 0-408 0225 100-12 238 302 66 117 139 100 387 276 114 84 29
24-Dec-00 6565 50-75 2348 13-21 12.04 018 739 1075 248 0402 0229 9978 244 308 67 121 143 87 355 280 114 87 29
8-Jan-01 6580 51-01 2:349 1323 1214 0-18 755 1076 223 0400 0-229 100-08 242 307 65 120 142 89 357 279 114 91 27
27-Jan-01 6599 50-69 2-360 1330 12:16 0-18 756 1079 222 0402 0260 9991 243 308 65 1211 139 87 357 283 113 94 29
16-Feb-01 6619 51.02 2361 1326 1223 0-18 766 1078 220 0403 0230 100-32 244 307 66 1211 142 93 361 281 114 91 30
11-Mar-01 6642 50-83 2369 1325 1221 0-18 763 1076 225 0405 0229 100-01 244 310 68 120 144 93 346 284 115 93 28
8-Apr-01 6670 50-91 2.340 1312 1226 0-18 793 1070 211 0399 0228 100-18 241 306 67 121 141 103 371 286 115 94 28
27-Apr-01 6689 50.61 2371 1326 12:17 018 753 1081 218 0404 0227 9973 242 308 63 119 139 91 376 277 112 95 28
24-May-01 6716 5057 2359 13-21 12:20 017 755 1071 223 0399 0228 9962 244 308 66 121 143 94 366 284 115 93 31
7-Jul-01 6760 50-20 2-340 1319 12156 0-17 736 1066 289 0400 0230 9959 245 310 67 123 144 91 357 287 114 91 33
15-Jul-01 6768 50-82 2.397 1341 1216 0-17 703 10-81 211 0406 0231 9964 248 313 68 122 145 83 337 287 115 91 30
29-Sep-01 6844 5119 2454 1369 1220 0-18 669 1095 213 0418 0236 100-14 248 319 67 126 148 69 283 283 114 88 32
13-Oct-01 6858 50-82 2.390 13356 1223 0-17 729 1075 2.03 0404 0230 9966 245 312 64 122 145 88 324 282 115 88 29
3-Nov-01 6879 50-81 2:384 1334 1221 017 725 1074 1.98 0401 0230 9962 243 312 66 121 145 83 332 280 120 90 29
12-Jan-02 6949 50-565 2-330 13.02 1226 0-17 8.03 1064 205 0390 0223 9966 238 303 64 119 140 106 403 280 115 92 29
9-Feb-02 6977 5079 2:338 1311 1231 0-17 790 1068 2.03 03917 0224 9994 242 305 64 118 140 103 376 276 115 90 29
27-Mar-02 7023 5095 2379 1332 1221 0-17 7-42 1072 1.95 0395 0229 9974 244 311 65 120 144 87 333 279 115 93 30
5-Apr-02 7032 50-84 2340 1321 12:20 017 779 1071 2.05 0389 0225 9992 241 306 63 119 141 94 379 275 114 94 28
12-Apr-02 7039 50-83 2322 1307 1229 0-17 803 1066 2:00 0385 0224 9998 239 304 64 117 140 100 404 272 114 89 29
5-Jun-02 7093 50-88 2-340 1319 1229 0-18 796 1066 213 0394 0227 10025 243 305 64 117 141 99 379 277 115 91 30
16-Jun-02 7104 50-84 2-346 1321 1232 0-18 773 1067 215 0392 0226 100-06 243 307 62 118 142 93 357 278 114 93 28
12-Jul-02 7130 50-90 2-407 1347 1219 0-18 709 1080 219 0406 0234 9987 250 315 66 122 146 79 328 280 115 92 32

(continued)
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Table 3: Continued

Sample Day Si0, TiO, ALO; Fe;OF MnO MgO CaO NaO KO P,0s Total Y St Ro Nb 2Zr Ni Cr V 2Zn Ba Ce

31-Jul-02 7149 5092 2374 1334 1225 018 746 1070 206 0396 0230 9991 247 312 65 120 144 87 343 280 116 92 33
6-Aug-02 7155 51.01 2384 1333 12:25 018 751 1073 224 0401 0232 10027 246 310 63 121 144 86 347 281 1156 95 33
20-Aug-02 7169 50-82 2337 13-09 12:37 0-18 811 1062 215 0390 0225 10029 242 306 65 118 142 103 374 273 115 97 29
27-Sep-02 7207 5074 2352 13-25 12-24 0-17 7-47 1068 215 0392 0-232 9968 244 308 67 120 143 83 354 279 114 96 30
19-Oct-02 7229 5096 2381 1333 1220 018 713 1076 215 0394 0238 9971 245 311 68 122 144 79 351 285 114 92 30
21-Nov-02 7262 5072 23562 13-:20 12-23 018 739 1068 217 0391 0230 9954 245 308 64 121 143 91 377 283 150 91 60
11-Jan-03 7313 5076 2372 13:36 1217 018 729 1073 222 0394 0231 9969 247 311 68 121 144 82 348 28 1156 91 29
11-Feb-03 7344 5075 2367 1331 12:16 018 750 1072 225 0-398 0230 9985 246 308 65 11.8 139 83 346 281 1156 92 30
12-Mar-03 7373 5078 2354 1321 1223 018 762 1066 219 0392 0229 9984 245 308 69 120 143 91 357 279 115 95 30
12-Apr-03 7404 50-79 2380 1334 12.15 018 720 1076 222 0397 0231 9962 247 313 67 1244 145 79 335 280 114 95 27
28-Jun-03 7481 50-73 2376 1342 1214 018 708 1078 230 0401 0234 9963 248 315 68 124 145 77 321 286 115 103 26
31-Jul-03 7514 50-70 2350 1322 1223 018 742 1069 224 0389 0227 9962 243 309 67 120 142 84 342 281 114 95 29
29-Aug-03 7543 50-87 2385 1343 12:19 018  7.08 1077 234 0401 0235 9986 247 312 66 124 145 78 336 286 115 101 28
19-Sep-03 7564 50-65 2-340 1317 1221 018 744 1067 225 0389 0226 9950 242 307 65 119 142 89 354 282 115 98 29
9-Oct-03 7584 50-87 2379 1327 1215 018 745 1078 225 0398 0231 9994 247 311 66 120 141 82 346 285 114 98 28
16-Jan-04 7682 50-82 2410 1348 1210 0-17 716 1081 227 0404 0235 9985 249 313 66 12.0 142 78 309 287 115 94 28
1-Mar-04 7728 50-83 2415 1338 12-11 018 720 1086 227 0405 0235 9988 249 314 67 122 144 79 309 288 114 92 31
16-Mar-04 7743 5077 2413 13-34 12.09 018 717 1085 228 0402 0234 9973 249 314 67 122 143 79 304 289 114 91 31
23-Apr-04 7781 50-83 2418 1345 12.23 018 713 1085 228 0408 0-236 100-00 249 314 66 122 143 77 293 282 112 93 30
2-Jun-04 7821 5075 2423 1351 1211 018  7.04 1083 228 0421 0234 9975 25.0 317 67 1244 144 77 280 288 114 100 31
7-Jun-04 7826 50-92 2436 1356 12.12 0-18 699 1082 230 0417 0239 9998 252 318 66 123 144 75 262 286 114 97 32
23-Jul-04 7872 51-00 2439 1368 12-11 0-17 6-97 10-83 224 0420 0238 10010 251 319 65 124 143 75 250 290 114 96 34
10-Aug-04 7890 50-71 2.361 13-33 12.04 017 746 1090 231 0405 0225 9991 242 309 62 119 137 87 351 280 112 94 30
15-Oct-04 7956 50-97 2417 1344 1214 017 724 1091 230 0424 0-232 10024 248 315 65 123 141 80 287 283 116 94 31
31-Oct-04 7972 50-85 2-448 1351 12.14 0-18 690 10-85 239 0424 0234 9993 252 319 67 125 144 75 243 294 116 100 31
4-Dec-04 8006 50-94 2483 1364 1213 0-18 6-68 10-86 237 0433 0239 9996 255 322 66 124 145 67 218 293 116 100 32
31-Jan-05 8064 50-98 2492 13.63 1223 0-18 669 10-85 244 0425 0239 10016 255 320 65 125 144 69 217 288 115 100 32
6-Feb-05 8070 50-81 2417 1347 12.09 018 703 1091 236 0415 0231 9991 247 315 63 122 140 78 270 288 113 93 32
23-Feb-05 8087 50-80 2437 1352 1213 0-18 698 1086 242 0418 0232 9998 251 317 65 124 141 77 255 289 114 94 34
4-Mar-05 8096 50-71 2-409 1342 12.08 0-18 707 1090 235 0418 0229 9977 249 315 66 1244 140 91 280 287 114 95 33
24-Mar-05 8116 50-79 2395 1342 1212 0-17 728 1092 235 0408 0-230 100-08 255 315 65 127 146 86 298 289 115 100 32
22-Apr-05 8145 50-96 2422 1352 1217 018 718 1094 238 0413 0232 10040 255 315 63 127 146 83 277 283 114 101 29
23-Jun-05 8207 50-76 2451 1358 12.14 0-17 6-85 10-83 254 0417 0235 9997 259 319 65 130 150 77 247 291 116 104 30
16-Jul-05 8230 50-86 2450 1356 12.15 0-17 694 1087 246 0411 0230 100-10 259 318 65 129 148 82 269 282 115 100 28
8-Aug-05 8253 50-89 2430 1352 12.05 0-18 691 1079 250 0415 0230 9992 260 318 65 13.0 148 79 259 291 116 102 32
23-Sep-05 8299 50-94 2439 1363 1214 0-17 696 10-84 241 0418 0233 10018 257 316 66 129 148 83 256 289 115 105 30
22-Oct-05 8328 50-85 2437 1362 1212 0-17 6-98 10-80 242 0413 0229 10004 258 315 69 129 147 82 255 290 115 104 28
19-Nov-05 8356 50-87 2422 13.561 12.05 018 7119 1085 193 0403 0228 9963 254 315 63 127 146 87 286 291 115 105 28
26-Dec-05 8393 50-84 2432 13:47 12.07 018  7.09 1083 206 0405 0231 9961 258 315 61 126 147 86 276 291 116 97 29

Hawaiian rock standards (Kilauea volcano)

K1919 av. — 4988 2797 1363 12.04 0-17 663 1139 238 0548 0292 9975 — - = — - - - - - - -
+2c — 024 003 0-19  0.07 0-007 024 004 032 0012 0006 — — - - — - - = = = - =
BHVO-1 av. - = — — — — — — — — - 251 380 92 186 177 114 297 293 112 129 40
+2c - = - — — — — — — — — — 03 7 05 04 8 2 3 6 2 8 2

*Total iron given as Fe,0s. ~

Day is the number of days since the start of the Pu’u ‘O’0 eruption on January 3, 1983. Oxide abundances are in wt %; trace element
contents are in ppm. Samples 17-Jan-98, 11-May-98, and 7-Sep-98 are from Garcia et a/. (2000). Between 1998 and 2005, K1919 (n=13)
and BHVO-1 (n=13) were run as standards by XRF for major and trace element abundances, respectively.
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Details of methods used and estimates of analytical preci-
sion for the XRF analyses have been given by Rhodes
(1996) and Rhodes & Vollinger (2004).

In addition, 27 samples were analyzed over a 1 week
period for Sc, V, Cr, Co, Ni, Cu, Zn, Sr, Cs, Rb, Ba, Th,
U, Nb, Zr, Hf; Y, and rare earth element (REE) abun-
dances using inductively coupled plasma mass spectrome-
try (ICP-MS) at the Australian National University
(Table 4). The Kilauea rock standard BHVO-2 (n=2)
was analyzed with these samples. Analytical methods and
estimates of precision for the ICP-MS trace element ana-
lyses are given in Table 4 and by Norman et al. (1998).
Prior to both XRF and ICP-MS analyses, the Puu ‘O6
lava samples were washed in an ultrasonic bath of deio-
nized water for 10-20min, hand picked (30-100g) to
remove any rare altered rock chips, and powdered in a
tungsten carbide swing mill for the XRF analyses and an
agate mill for the ICP-MS analyses.

Fourteen Pu‘u “O°6 lavas erupted between 1998 and 2005
were analyzed for Pb and Nd isotope ratios (Table 5) by
multi-collector (MC)-ICP-MS using a Nu Plasma system
at San Diego State University (SDSU). Strontium isotope
ratios were measured using this instrument and/or by
thermal ionization mass spectrometry (TIMS) using a
VG Sector 54 instrument at SDSU to compare the results
of the two instruments. Additionally, four lavas erupted
from 1989 to 1998 (Garcia et al., 1992, 1996, 2000) were
reanalyzed for Sr isotope ratios from the original dissolu-
tions using TIMS to improve the analytical precision for
these samples (Appendix, Table Al). A detailed overview
of the analytical methods used in this study has been
given by Marske et al. (2007). Additional details pertinent
to this study are presented inTable 5.

GEOCHEMISTRY OF 1998-2005
PU‘U ‘O°O LAVAS

The 1998-2005 Pu‘u ‘O lavas are compositionally similar
to earlier lavas from this eruption (Fig. 3). For example, their
MgO contents (6-7-9-8wt %) lie within the range of
1985-1998 lavas (6-7-10-1wt %, excluding mixed and
evolved lavas from episode 54). However, small, but signifi-
cant short-term (years) variations in major element abun-
dances (at a given MgO) are evident in these lavas (Fig. 3).
Similar variations have been observed for historical
Kilauea summit lavas and were related to changes in paren-
tal magma composition (e.g. Wright, 1971; Garcia et al.,
2003). Overall, Pu‘u ‘O‘6 lavas have become progressively
lower in CaO/Al,O3 ratios and incompatible element
(TiOy and K»O) contents, and higher in SiO, abundances
(at a given MgO content) during the eruption (even if more
differentiated samples with <72 wt % MgO are excluded,;
Fig. 3). Ata given MgO content, the total variation of Fe, O}
(i.e. total iron), Al,Os, and Na,O abundances (not shown)

for the 1998-2005 lavas lie within the compositional field
of previous lavas. The high SiO, and low CaO, TiO,, and
K50 contents, and CaO/Al,O3 ratios of the recent lavas
expand the known compositional range for historical
Kilauea lavas towards historical Mauna Loa lavas (Fig. 3).

The relatively low abundances and ratios of incompatible
elements (e.g. Nb and La/Sm) in 1998-2005 lavas form
trends that partially overlap with 1989-1997 Puu ‘05
lavas, but also expand the compositional range to the
lowest values observed during the eruption (Fig. 4). Recent
Pu‘u ‘O lavas continue the overall temporal decrease in
highly to moderately incompatible trace element ratios
(i.e. La/Yb) and abundances (i.e. Nb and Ba) since the
early part of the eruption (Figs 4 and 5). These trace element
abundances and ratios of the recent lavas, like the major
element contents, extend the Puu ‘OG compositional
range toward the field of historical Mauna Loa lavas (Fig. 4).

The ¥Sr/*Sr  ratios of the 1998-2005 lavas
(0-70360-0-70364) are higher than those of previous Pu‘u
‘06 lavas (0-70357-0-70360). In contrast, Pb (Figs 5 and 6)
and Nd isotope ratios are within the range of previous lavas.
However, the 1998-2005 lavas make a small, yet distinc-
tive trend in **°Pb/***Pb vs ¥’Sr/*Sr that expands the isoto-
pic range for this eruption (Fig. 6). Unlike the major and
trace element chemistry, these Pb and Sr isotope variations
trend towards an area between the compositional fields
of Kilauea and Mauna Loa (rather than directly towards
the field of Mauna Loa lavas). Furthermore, this trend
does not project towards a Hawaiian mantle end member
(e.g. Kea or Loa) or towards the known isotopic composi-
tion of any other Hawaiian volcano.

CRUSTAL MAGMATIC PROCESSES
DURING THE ERUPTION

Olivine fractionation plays a dominant role in control-
ling the compositional variations in Hawaiian lavas
(e.g. Powers, 1955; Wright, 1971). The importance of olivine
crystallization in Puu ‘OG lavas is evident from their wide
range of MgO contents (5:6-10-1wt %), and the presence
of normally zoned olivine phenocrysts (Garcia et al.,
1996, 2000). Shallow magma mixing between stored rift
magmas and fresh” MgO-rich magma(s) was an impor-
tant process that controlled the composition of lavas
erupted before February 1985 (episodes 1-29; Garcia et al.,
1992), and during episode 54 in January 1997 (Garcia et al.,
2000; Thornber et al., 2003). Most (~93%) Puu ‘O%
lavas (excluding evolved lavas from episodes 1-29 and 54)
have >72wt % MgO, suggesting that the variation in
the major element abundances of these lavas is primar-
ily related to olivine fractionation and/or accumulation
(i.e. olivine control; Wright, 1971). However, the MgO and
Ni abundances of the Pu'u ‘O lavas have systematically
decreased (with much scatter) since the eruption location
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Table 4: ICP-MS analyses of 1998-2005 Pu'u " 0’0 lavas

Sample Day Rb Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu
17-Jan-98 5493 68 0070 934 102 264 390 183 5.06 172 5.31 085 483 093 228 193 0275
11-May-98 5607 7.0 0.072 9.8 103 268 396 185 510 171 536 08 49 093 231 195 0273
7-Sep-98 5726 71 0-076 982 106 274 403 189 5.21 1.78 547 083 492 09 233 197 0286
13-Feb-99 5885 73  0.073 994 107 277 409 191 526 180 562 089 507 097 238 202 0288
19-Jun-99 6011 71 0-073 973 105 272 401 18-8 520 177 546 083 500 096 234 199 0281
27-Oct-99 6141 69  0.070 %8 105 271 399 188 511 1.77 5562 083 49 096 234 200 0278
19-Feb-00 6256 67  0-068 933 102 262 38 182 5.00 174 534 08 48 09 229 198 0277
21-Jun-00 6379 67 0065 939 102 262 383 183 497 173 543 087 490 095 231 2.00 0278
12-Oct-00 6492 68 0067 9.8 105 268 395 186 5.09 179 555 089 506 098 242 199 0282
8-Jan-01 6580 69 0070 9%.9 105 267 397 187 510 1.78 553 083 503 098 238 203 0283
8-Apr-01 6670 70 0070 100 108 280 415 195 527 181 570 090 520 1.00 245 208 0287
7-Jul-01 6760 69 0069 984 106 276 407 191 520 179 565 089 507 099 243 203 0284
13-Oct-01 6858 69 0069 984 106 276 408 192 518 179 570 089 509 099 242 205 0282
9-Feb-02 6977 66 0067 931 101 261 386 181 495 171 539 08 48 09 229 194 0273
5-Jun-02 7093 67  0-069 9%5 103 268 396 187 512 175 559 087 501 096 239 202 0276
20-Aug-02 7169 67  0.070 9.9 103 268 396 187 515 179 548 089 508 098 241 2.02 0286
21-Nov-02 7262 66  0-066 93.7 101 262 383 184 5.05 176 550 088 499 097 238 199 0282
12-Apr-03 7404 69 0.07 980 106 274 404 191 528 183 568 090 521 1.01 246 207 0290
19-Sep-03 7564 69  0.070 971 1056 272 403 186 530 182 569 090 516 1.00 244 205 0286
15-Jan-04 7682 71 0-073 993 107 278 410 194 5-31 1.86 569 092 522 102 251 210 0293
23-Apr-04 7781 71 0-071 987 107 277 409 192 526 182 570 091 513 1.00 242 204 0-287
7-Jun-04 7826 74 0078 103 12 290 428 200 547 189 600 094 537 104 252 214 0300
15-Oct-04 79%6 7.1 0.070 984 107 276 409 191 527 180 569 091 512 100 241 2.01 0-282
31-Jan-05 8064 75 0.076 104 1.2 290 430 201 555  1.89 592 09 531 1.05 250 213 0294
22-Apr-05 8145 7.1 0072 100 109 282 419 196 542 183 583 092 517 101 246 206 0291
8-Aug-05 8263 72 0073 102 1.0 284 418 198 546 1.8 587 093 530 101 249 209 029%
14-Nov-05 8351 71 0071 100 109 284 416 195 539 186 583 093 521 1.01 248 207 0292
Hawaiian rock standard (Kilauea volcano)

BHVO-2 — 92 0106 129 148 367 527 239 6-:02  2.02 6-11 094 518 098 235 192 0275
+2c — 02 0-006 2.0 0-2 01 0-01 0-01 0-11 0-001 014 002 009 001 0-02 001 0-003
Sample Day Th Y Nb Hf U Pb Zr Sr Sc \% Cr Co Ni Cu Zn Ga
17-Jan-98 5493 0-81 238 12.0 342 0-260 1-01 139 313 308 264 432 526 171 120 105 18-9
11-May-98 5607 0-83 241 12:4 3-49 0-265 1.07 141 317 305 266 446 52.0 178 119 103 18-8
7-Sep-98 5726 0-84 243 12:6 3.65 0-278 1.04 143 322 30-8 268 449 493 149 120 103 18-9
13-Feb-99 5885 0-86 251 12:9 3.69 0-277 1-05 146 331 317 278 380 45.5 100 126 102 19-4
19-Jun-99 6011 0-84 24.9 12.7 359 0-271 1.04 145 327 314 277 440 505 137 122 104 19-2
27-Oct-99 6141 0-80 243 12:4 3.52 0-260 1-00 141 318 311 266 389 480 118 123 103 19-2
19-Feb-00 6256 0-80 238 1241 344 0-259 1.07 138 309 307 261 418 50-3 133 121 106 18-8
21-Jun-00 6379 0-80 24.0 1241 344 0-261 0-98 138 312 308 264 374 487 115 121 101 19-0
12-Oct-00 6492 0-81 24.7 12:3 3.62 0-261 1.04 142 318 319 268 364 478 103 123 109 19-6
8-Jan-01 6580 0-81 247 12.4 3.56 0-265 0-98 144 320 313 269 354 47.2 99 123 11 19-4
8-Apr-01 6670 0-85 251 12:6 3-65 0-282 1-00 144 325 314 270 302 454 89 124 104 19-9
7-Jul-01 6760 0-83 24.8 12:4 3-59 0-273 0-99 142 320 314 267 342 463 96 122 104 19-7
13-Oct-01 6858 0-83 24.7 12:4 3.58 0-264 0.97 142 320 313 266 347 472 105 121 105 19-6
9-Feb-02 6977 0-78 237 1.7 3-40 0-261 0-93 135 306 306 256 417 515 140 114 102 18-6
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Table 4: Continued

NUMBER 7 | JULY 2008

Sample Day Th Y Nb Hf U Pb Zr Sr Sc \% Cr Co Ni Cu Zn Ga
5-Jun-02 7093 0-80 24.4 121 350 0-266 0-96 139 315 30-6 262 347 475 108 117 101 19-1
20-Aug-02 7169 0-78 24.3 12.2 354 0-269 0-95 139 314 30-4 260 325 477 108 119 103 19:2
21-Nov-02 7262 0-78 241 119 348 0-257 0-93 137 309 310 260 409 482 114 116 104 18-9
12-Apr-03 7404 0-81 25.0 12.4 362 0-270 0-98 143 322 312 267 306 44.7 82 122 103 197
19-Sep-03 7564 0-81 251 12.4 356 0-271 0-97 143 322 3156 268 341 47-9 98 124 107 199
15-Jan-04 7682 0-83 25-2 12.6 3.67 0-268 1.00 145 326 311 270 287 44.5 83 120 102 19-6
23-Apr-04 7781 0-83 25-2 12.7 361 0-267 1.00 146 327 316 271 297 45.8 91 122 105 19-9
7-Jun-04 7826 0-87 263 13-3 3.77 0-284 1.02 153 341 324 281 261 46-0 85 127 108 20-7
15-Oct-04 7956 0-83 251 12.7 3-61 0-275 101 145 327 317 272 304 45.0 90 120 104 199
31-Jan-05 8064 0-88 26-2 13-4 378 0-279 1.06 153 342 32.0 281 214 44.3 77 126 107 20-4
22-Apr-05 8145 0-86 25-2 12.9 3.68 0-278 1.02 147 329 318 273 267 46-0 93 123 107 201
8-Aug-05 8253 0-84 255 12.8 3.65 0-281 1.01 147 331 318 273 255 45-1 89 124 106 20-2
14-Nov-05 8351 0-85 25-2 12.7 364 0-273 0-89 146 331 318 271 — 45-4 94 122 105 201
Hawaiian rock standard (Kilauea volcano)

BHVO-2 av. — 125 24.4 180 417 0-408 1.68 169 388 312 278 282 42-9 115 121 99 20-0
+2c — 0-02 05 0-6 0-04 0-008 0-04 3 9 1.0 9 10 22 6 6 4 0-5

Day is the number of days since the start of the Pu‘u ‘06 eruption on January 3, 1983; values are in ppm. BHVO-2
(n=2) was analyzed as an internal standard for these analyses.

shifted in early 1992 from the Kupaianaha vent to the
Pu‘u ‘O'G cone (Figs 3 and 5), suggesting that Puu ‘O
magmas are becoming increasingly differentiated with
time. Clinopyroxene fractionation has become an increas-
ingly important process for 1998-2005 lavas. For example,
there is a greater abundance of clinopyroxene micropheno-
crysts in the 1998-2005 lavas (up to 3 vol. %; Table 1) com-
pared with earlier erupted Puu ‘OG lavas (<lvol. % or
absent), and ~50% of the most recent lavas (2004—2005)
have differentiated beyond olivine control (<72wt %
MgO; Fig. 5).

Olivine accumulation has also affected some Pu'u ‘O‘o
lava compositions based on the low Fo contents of some
olivines compared with their whole-rock Mg-number
(Fig. 2). For example, the maximum MgO difference for
two olivine-controlled 1998-2005 lavas (23-Jul-04, 7-0 wt %
MgO; 4-Jan-00, 9-5wt % MgO) with similar olivine Fo
contents (81-82%; Fig. 2) can be explained by the accu-
mulation of ~6-1vol. % olivine. This is consistent with the
5% greater modal abundance of olivine phenocrysts in

sample 4-Jan-00 compared with 23-Jul-04, and the position
of sample 4-Jan-00 to the right of the equilibrium field
in Fig. 2. All of the 2003—2005 lavas analyzed have Fo con-
tents in equilibrium with their bulk compositions (Fig. 2).

TEMPORAL COMPOSITIONAL
VARIATIONS

Puu ‘O lavas display systematic temporal variations
of MgO-normalized major element abundances, ratios of

highly to moderately incompatible trace elements
(e.g. La/Yb), highly incompatible trace element ratios
(e.g. Ba/Nb), and Pb and Sr isotope ratios (Fig. 5). At least
three distinct end-member magma compositions may be
delineated based on correlated temporal changes among
some MgO-normalized major element abundances,
and incompatible trace element and Sr isotope ratios:
(I) 1985-1998 (days ~760-5500); (2) 1998-2003 (days
~5501-7400); (3) 2003-2005 (days ~7401-8400). Magma
mixing affected the composition of lavas erupted before
February 1985 (days 1-745; Garcia et al., 1992) and during
episode 54 in January 1997 (day 5141; Garcia et al., 2000;
Thornber et al., 2003), and these lavas were excluded from
the plots.

The SiO, temporal trend for Puu ‘OG lavas inversely
correlates with the temporal variations of CaO and TiO,
(Fig. 5). Between ~1985 and 1998, MgO-normalized major
element abundances display relatively flat (SiO,) and
slightly decreasing (CaO and TiO,) trends. However,
lavas erupted between ~1998 and 2003 display changes in
slope with significant increases and decreases in these
abundances, respectively, until mid-2003 (Fig. 5). Follow-
ing a compositional reversal in mid-2003, the MgO-
normalized SiO, abundances have decreased whereas
CaO and TiOs contents have increased. In contrast,
Al,O35 and FeyOg contents (not shown) have remained
nearly constant.

Pu‘u ‘O6 lavas also display systematic fluctuations in
incompatible trace element ratios that correlate with the

major element changes (Fig. 5). Between ~1985 and 1998
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Table 5: Pb, Sr and Nd isotope data_for Pu'u" 0 lavas

Sample 206pp /204ppy 207ppy /204ppy 208py, /204py 87gr/80gr 3Nd/"Nd End
7-Sep-98 18-4107 15.4727 38.0752 0-703601+ 6 0512956 +6-21
13-Feb-99 184124 15.4736 38.0764 0.703616 + 6 0512944 +5.97
27-0Oct-99 184018 15.4726 38.0687 0-703622 + 9 0512948 +6.04
19-Feb-00 184072 15.4712 38.0720 0-703634 + 7 0512944 +5.97
21-Jun-00 18-4067 15.4704 38.0688 0-703644 +7 0512947 +6.04
8-Jan-01 18-4116 15.4721 38.0737 0-703639 + 12 0-512946 +6.01
7-Jul-01 18-4137 15-4719 38.0729 0-703626 + 9 0512943 +5.95
9-Feb-02 184139 15.4707 38.0691 0.703637 + 8 0512940 +5.89
20-Aug-02 18-4152 15.4722 38.0719 0-703639 + 5 0512945 +5.98
12-Apr-03 18-4161 15.4726 38.0715 0-703641+5 0512953 +6-14
15-Jan-04 18-4154 15.4719 38.0694 0.703632 + 7 0512946 +6.01
7-Jun-04 184146 15.4716 38.0680 0.703623 + 7 0512943 +5.95
31-Jan-05 184170 15.4735 38.0752 0.703624 + 5 0512955 +6-19
8-Aug-05 184119 15.4727 38.0699 0-703622 + 10 0512953 +6.14
Hawaiian rock standard (Kilauea volcano)

Kil1919 18-6562 15-4903 382092 0-703477 0512973 +6:53

The Pb, Sr and Nd isotope ratios of the samples were measured over two periods of time. The 1998-2004 Pu‘u ‘O‘o lavas
were analyzed at the same time as the Kilauea samples presented by Marske et al. (2007), whereas the 2005 lavas, a new
dissolution of Kil1919 (a Hawaiian rock standard collected from the same flow as K1919, BHVO-1, and BHVO-2) and the
reanalyzed 1989-1995 lavas in Table A1 in the Appendix [previously studied by Garcia et a/. (1996, 2000) and Pietruszka et al.
(2006)] were analyzed subsequently by MC-ICP-MS (for Pb and Nd isotopes) and TIMS (for Sr isotopes). Analytical details
relevant to the 1998-2004 samples have been presented by Marske et al. (2007). The following analytical details apply to
the other samples, unless otherwise noted. Pb isotope ratios were corrected for instrumental mass fractionation using the
measured isotope ratio of TI (SRM997) added to the sample compared with an assumed 2%°T1/2°T| = 2.3889 for this standard
from Thirlwall (2002). The average_Tl-corrected value for NBS981 Pb (n=5) was 2*°Pb/?*'Pb=16.9434+15 (20),
207py /204ppy = 15.5019 + 16 (25), and 2®®Pb/?°*Pb = 36.7298 4 42 (25). All of the Pb isotopic data are reported relative to the
NBS981 Pb standard values of Galer & Abouchami (1998): 2%Pb/?**Pb=16.9405, *”’Pb/?***Pb=15.4963, and
208pp, /209pp —36.7219. Sr and Nd isotope ratios were corrected for instrumental mass fractionation relative to
865r/%85r =0.1194 and "*®Nd/'*Nd =0-7219, respectively. The average measured values for Sr and Nd standards were
87Sr/%8Sr =0.710246 + 17 (26; n=18) for SRM987 (by TIMS) and "*Nd/"*Nd=0-512103+7 (25; n=6) for Ames Nd
(by MC-ICP-MS). All Sr and Nd isotopic data are reported relative to constant standard values for SRM987
(87Sr/%Sr=0.710250) and Ames Nd ("**Nd/'**Nd = 0-512130). After correcting to this value for Ames Nd, a single analysis
of the La Jolla Nd standard as an unknown gave '**Nd/"**Nd = 0-511845. The estimated reproducibility (+2c) for all of the
data is based on multiple analyses of the La Jolla Nd standard and the Kil1919 rock standard by Marske et al. (2007).
Uncertainties of the single Sr analyses are based on the £2c,, (n>4) of replicate analyses of each sample reported in
Table A1 and by Garcia et a/. (1996, 2000) and Pietruszka et a/. (2006). Total procedural blanks were negligible compared
with the amount of sample used (>0-6 g) and the concentrations of Pb, Sr, and Nd in the samples.

there are small but significant decreases in some ratios of
incompatible trace elements until day ~5500. Between
~1998 and 2003 these incompatible trace element ratios
display flattening (e.g. La/Yb) or nearly constant (e.g.
Ba/Nb) temporal trends. Some ratios of highly over mod-
erately incompatible trace elements (e.g. La/Yb) record
a small compositional reversal in mid-2003, followed by a
small increase similar to the reversal recorded by the
normalized major element abundances (Fig. 5).

The ¥Sr/*Sr ratios of Puu ‘O lavas gradually
increased between ~1985 and 1998, before a sharper
increase occurred in 1998 (day ~5500). This shift coin-
cided with the significant increases in MgO-normalized
SiO, abundances and decreases in the CaO and TiO,

abundances (Fig. 5). The ¥Sr/*°Sr ratios increased to the
highest observed values for this eruption in mid-2003, and
reversed from 2003 to 2005. This is also analogous to the
reversals of MgO-normalized major element abundances
and incompatible trace element ratios (Fig. 5). In contrast,
the Pb and Nd isotope ratios have remained relatively
constant since 1985 (relative to analytical error), especially
for the 1998-2005 lavas (Fig. 5; Table 5).

In summary, three distinct end-member compositions
are important during the Puu ‘OG eruption. First, an
early end member (~1985) has relatively low *Sr/**Sr
ratios and MgO-normalized SiO, abundances, and high
CaO and TiOy abundances and incompatible trace ele-
ment ratios (e.g. Ba/Nb or La/Ybh). Second, a later end
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Hart, 1995) lavas. The Pu'u ‘O°0 lavas are grouped according to eruption date (see inset for symbols). The new 1998-2005 Pu‘u ‘O'o data (filled
symbols) fromTable 3 are plotted with previous data (open symbols) from Garcia et al. (1992, 1996, 2000). These groups were further subdivided
to better resolve the systematic geochemical changes, and to emphasize the rapid temporal changes during the eruption. Mixed and/or evolved
Pu'u‘O‘o lavas (episodes 1-29 and 54) are not shown in this and subsequent figures. All values are in wt % (except CaO/Al,O3). The 26 error
bars are shown in the corner of each plot unless they are smaller than the size of the symbols.
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Fig. 4. Incompatible trace element abundance and ratio—ratio variation diagrams for Pu'u‘O‘6lavas. The compositional fields of historical Kilauea
(Pietruszka & Garcia,1999¢; Garcia etal.,2003) and Mauna Loa (Rhodes & Hart,1995; J. M. Rhodes, unpublished data, 2008) lavas are also plotted.
The 26 error bars are shown in the corner of each plot unless they are smaller than the size of the symbols. The values are in ppm except for the ratios.
Estimates for the analytical precision of Puu ‘O'0 lavas analyzed (by ICP-MS) prior to this study have been given by Garcia et al. (1996, 2000).
The Kilauea rock standards Kill919 and BHVO-2 come from the same lava flow. Pu‘u‘O’6 ICP-MS trace element data from previous studies were
corrected by normalizing the average Kill919 standard (z =11) used for 1985-1998 Pu‘u ‘O’o lavas to the BHVO-2 standard values for this study.
Although the Kill919 and BHVO-2 standards differ by 0-3 wt % MgO, if this was due to olivine control (as expected) the maximum difference
in the incompatible trace element concentrations would be 0-7%, which is within analytical uncertainty of the ICP-MS data (Norman et al., 1998).
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member (~1998) from a recently depleted source
(Pietruszka et al., 2006) has slightly higher *Sr/*Sr and
MgO-normalized SiO, contents, yet lower incompatible
trace element ratios and CaO and TiO, abundances.
Third, the most recent end-member composition (~2003)
displays the highest *Sr/**Sr ratios and MgO-normalized
Si0, abundances, and lowest abundances of CaO and
TiOy and ratios of incompatible trace elements for the
eruption.

PU‘U ‘O°‘O SOURCE
CHARACTERISTICS

A lithospheric source component for

Pu‘u ‘O‘o lavas?

Magmas originating from partial melting within the
Hawaiian plume can be compositionally modified at shal-
lower depths by the assimilation of hydrothermally altered
oceanic crust (e.g. Eiler et al., 1996) or lower gabbroic crust
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Fig. 6. 2°Pb/**'Pb vs ¥Sr/*Sr isotope ratios for Puu ‘06 lavas com-
pared with historical Kilauea, and prehistoric and historical Mauna
Loa lavas. Data sources: Garcia et al. (1992, 1996, 2000) for 1985-1998
Pu‘u ‘O’o lavas; Pietruszka & Garcia (19994) and Abouchami et al.
(2005) for historical Kilauea lavas; Kurz & Kammer (1991), Kurz
et al. (1995), Rhodes & Hart (1995), Wanless et al. (2006), and Marske
et al. (2007) for historical and prehistoric Mauna Loa lavas. The com-
positional fields of Pacific mid-oceanic ridge basalts (**°Pb/***Ph =
18-24-19-48 and ¥Sr/**Sr =0.70264-0.70367; King e/ al., 1993;
Fekiacova et al., 2007) and most Hawaiian lithospheric xenoliths
(2°5Pb/2*Ph =17-58-18-38 and ¥ Sr/*°Sr = 0.70271-0.70347; Okano &
Tatsumoto, 1996; Lassiter & Hauri, 1998) lie off the figure (below the
isotopic fields of Kilauea and Mauna Loa). Mixing lines between
AD 1917 Kilauea and AD 1887 Mauna Loa lavas (line with gray circles)
and between a Puu ‘O°0 sample (10-Jan-1997) and a hybrid source
(line with small open circles) containing a 55:45 proportion of the
historical Kilauea and Mauna Loa compositions are shown. The
Pb abundances assumed for the mixing model are 1 ppm for Kill917
(PbA*Ph=18-653,  ¥Sr/*°Sr=0.703478)  and  10-Jan-1997
(P°Pb/?**Pb =18-417, ¥Sr/*Sr = 0.703596) based on the average Ph
concentrations in Table 4, and 0-9 ppm Pb for the 1887 Mauna Loa
(2°6Pp2tph =18.187, ¥ Sr/*0Sr = 0-703838) lava. The Sr concentrations
in the mixing end members are from Pietruszka & Garcia (1999a)
for the 1917 Kilauea lava (389 ppm Sr), Rhodes & Hart (1995) for
1887 Mauna Loa lava (275 ppm Sr), and Garcia el al. (2000) for the
10-Jan-1997 lava (307 ppm Sr). The maximum 26 error bars are pre-
sented for 1985-1998 lavas. The 2c error bars for 1998-2005 Pb and
Sr isotope ratios are smaller than the size of the symbol.

(e.g. Gaftney et al., 2004), or by partial melting of the
upper ambient mantle (lithosphere or asthenosphere)
beneath Hawaii (e.g. Tatsumoto, 1978; Chen & Frey, 1985;
Stille et al., 1986; Lassiter et al., 1996). However, it is unlikely
that crustal assimilation or melting of the upper ambient
mantle significantly modified the chemical signature of
Puu ‘O'G lavas. Puu ‘O% lavas erupted between 1983
and 1986 have relatively low 8O groundmass values
(4-6-5-0%0) that are in disequilibrium with their olivine
phenocrysts, suggesting that these early magmas inter-
acted with shallow wall rock in the rift zone just prior to
eruption (Garcia et al., 1998). The switch in eruptive style
from episodic lava fountaining to near-continuous effusion
in 1986 led to a marked reduction or elimination of con-
tamination, based on higher 8O groundmass values
(5:0-5-3%0) in equilibrium with olivines in the 19861998

lavas (Garcia et al., 1998). Furthermore, the 1998-2003
Pu‘u ‘O lavas record systematic temporal increases in
87Sr/Sr ratios and relatively constant *°Pb/*™*Pb ratios
(Fig. 6) that trend away from the compositional fields
of lithospheric mantle xenoliths from Salt Lake Crater,
O‘ahu (Okano & Tatsumoto, 1996) and Hualalai volcano,
Hawai1 (Lassiter & Hauri, 1998), and Cretaceous Pacific
mid-oceanic ridge basalts near Hawail (e.g. Ocean
Drilling Program Site 843; King et al., 1993; Fekiacova
et al., 2007).

Historical Kilauea summit lavas have relatively low
8'%0 isotope values that are attributed to <5-12% contam-
ination of parental magmas with altered country rock
from both Kilauea and Mauna Loa (Garcia et al., 2008).
The overall increase of Sr isotopes in Puu ‘O6 lavas
could potentially be explained if a more typical Kilauea
parental magma (e.g. 1993-1997 Pu‘u ‘O'6 lavas) progres-
sively assimilated a roughly constant (55:45) mixture of
older Kilauea and Mauna Loa basement rocks (Fig. 6).
However, this would require ~100% contamination
because the Puu ‘O°6 lava with the highest *Sr/*®Sr ratio
overlaps with the composition of the 5545 Kilauea—
Mauna Loa assimilant. These combined observations
suggest that melt interaction with the upper mantle, crust,
or volcanic edifice beneath Kilauea is minimal for recent
Pu‘u ‘O'G lavas.

A third mantle source for the

Pu‘u ‘O‘0 eruption

At least three distinct mantle source components are
required to explain the compositional variability of Pu‘u
‘O lavas (Fig. 7). The 1985-1998 Pu‘u ‘O'G lavas origi-
nated from at least two distinct source components with
similar Kilauea-like Pb, Sr, and Nd isotopic compositions
but different incompatible element abundances and ratios
(Garcia et al., 2000). One component with higher MgO-
normalized CaO and TiO, abundances and incompatible
trace element ratios (e.g. Ba/Ce or La/Yb) was important
during the early part of the eruption (~1985; Figs 5 and 7),
following the period of magma mixing during episodes
1-29. The temporal decreases among **Th-*"U and
#Ra—""Th disequilibria, incompatible trace element
ratios (e.g. Th/U or Nd/Sm), and some normalized major
element abundances in lavas from 1985 to 2001 (Fig. 5)
suggest that a second mantle component was tapped
(Pietruszka et al., 2006). This ‘recently depleted’ component
is thought to have formed at <8ka (based on modeling
of *Ra—"Th—***U disequilibria) by the removal of melt
from Kilauea’s source region within the Hawaiian plume,
causing it to become depleted in incompatible trace
elements (Pietruszka et al., 2006). A progressive increase in
the proportion of the recently depleted component is indi-
cated by the temporal trends between 1985 and 1998
(Figs 5 and 7; Garcia et al., 2000; Pietruszka et al., 2006).
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Fig. 7. Ba/Ce vs “'Sr/*°Sr for Pu‘u ‘06 lavas. The 1985-1998 Puu ‘06
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hybrid components) are required to explain the chemical variability
during the Pu'u ‘O'0 eruption. The maximum 2c error bar is pres-
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Historical Mauna Loa lavas display a lower Ba/Ce range (2-6-3-5;
J. M. Rhodes, unpublished data, 2008), with higher Sr isotope values
(>0-70375; Rhodes & Hart, 1995).

The systematic geochemical variations from 1998 to 2003
(Figs 5-7) require a third component that was increasingly
tapped during this time interval. Based on the temporal
increases of some highly incompatible trace element ratios
(e.g. Ba/Th) in lavas erupted from 1999 to 2001, Pietruszka
et al. (2006) suggested that Puu ‘OG lavas are derived
in greater proportions of a source component similar to
historical Mauna Loa lavas.
of melt from a Mauna Loa-like source (with relatively low
25pb/**Ph and high ¥Sr/**Sr) with an earlier Pu‘u ‘0%
composition (i.e. the recently depleted component) cannot
explain the increase in ¥ Sr/**Sr ratios at relatively constant
296ph/?*Ph ratios between 1998 and 2003 (Fig. 6).

Rhodes (1989)
Mauna Loa may periodically invade Kilauea’s plumbing
system. Pre-mixing of nearly equal proportions of histori-
cal Kilauea- and Mauna Loa-like magmas prior to erup-
tion could potentially explain the trends of recent
Pu‘u ‘O°6 lavas (Figs 6 and 8). Although this pre-mixing
in Kilaueas ~2-3km®

However, simple mixing

el al proposed that magma from

could occur summit reservoir

(Pietruszka & Garcia, 19996), the rapid compositional
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Fig. 8. “°Pb/**Pb and ¥Sr/*Sr vs MgO-normalized Si0, abundances for Puu ‘O'g and historical Kilauea and Mauna Loa lavas. Data
sources: Garcia et al. (1992, 1996, 2000) for 1985-1998 Pu‘u ‘O’o lavas; Pietruszka & Garcia (1999a), Garcia et al. (2003), and Abouchami et al.
(2005) for historical Kilauea lavas; Rhodes & Hart (1995) for historical Mauna Loa lavas. Mixing lines between a Pu'u ‘O‘osample (10-Jan-1997)
and a hybrid composition containing a 55:45 proportion of historical Kilauea (i.e. A 1917) and Mauna Loa $1 e. AD 1887) compositions are

shown. Mixing model details are listed in the caption of Fig. 6. The 26 error bar applies to 1985-1998 (Z%Pb/

“Pb and ¥Sr/*°Sr rallos) and

19852005 (SiOy contents) lavas. The 26 error bars for 1998-2005 Pb and Sr isotope ratios on the main plots are smaller than the size of the

symbols.
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changes in Pu‘u ‘Oo lavas are inconsistent with mixing in
this reservoir (Garcia et al., 1996). No other suitable crustal
reservoir is known to accommodate this magma mixing,
Thus, crustal magma mixing is an unlikely explanation
for the 1998-2003 Puu ‘O'G compositional variations.
Instead, these recent lavas can be explained if they were
derived from a mixture of Mauna Loa- and Kilauea-like
mantle sources that subsequently melted. This hybrid
source represents a new component for the eruption.

Historical lavas from Kilauea and Mauna Loa volcano
provide an important window to the present-day composi-
tion and distribution of mantle components in the
Hawaiian plume (e.g. Rhodes & Hart, 1995; Pietruszka &
Garcia, 1999q). Consequently, the origin of the recent Puu
‘O°6 lavas is discussed below in terms of mixing between
the mantle source components defined by historical lavas
from these two volcanoes (rather than the more extreme
end-member isotopic compositions observed in Koolau
and Mauna Kea lavas). The proportions of Kilauea and
Mauna Loa components in the hybrid source can be esti-
mated from compositional mixing trends (Figs 6 and 8).
The 1917 Kilauea lava was chosen as an end member
because it has the highest “°Pb/**Pb and "*Nd/"*Nd
and lowest ¥ Sr/*®Sr ratios among olivine-controlled histor-
ical Kilauea lavas (Pietruszka & Garcia, 1999q). Although
a range of historical Mauna Loa lavas would make reason-
able isotopic end members for this calculation, the 1887
Mauna Loa lava (Rhodes & Hart, 1995) was selected
because it creates a suitable mixing trend on the plots of
MgO-normalized major elements vs “°°Pb/***Pb and
%Sr/%Sr (Fig. 8). The 10-Jan-1997 Pu‘u ‘O sample was
chosen to represent the recently depleted Kilauea source
component because it has the lowest ratios of highly
incompatible trace elements (e.g. Ba/Nb or Ba/Rb) for
this eruption. Mixing trends between the 1917 Kilauea
(55%) and 1887 Mauna Loa (45%) lavas (Figs 6 and 8)
pass within analytical error of the 2001-2003 Pu‘u ‘O
lavas (i.e. the samples with the highest ®’Sr/*°Sr and
MgO-normalized SiO, values). Therefore, this 55:45
Kilauea—Mauna Loa composition might be a good esti-
mate of the hybrid source.

This mixing model suggests that the melt contribution
from the recently depleted source component decreased
starting in early 1998 as melt derived from the hybrid
source was tapped in greater proportions until mid-2003
(Figs 7 and 8). Following the mid-2003 compositional
reversal, the lavas display chemical and isotopic variations
that overlap with the compositional fields of the 1998-2003
lavas (Figs 3-8), indicating a diminishing importance for
the hybrid component since 2003.

A pyroxenite source for Pu‘u ‘O‘o lavas?

Partial melting of a heterogeneous plume source containing
a mixture of peridotite and ancient recycled oceanic
crust £sediment (pyroxenite or eclogite) has become

a common explanation for the chemical and isotopic varia-
tions in Hawaiian lavas (e.g. Hauri, 1996; Lassiter & Hauri,
1998; Blichert-Toft et al., 1999; Takahashi & Nakajima, 2002;
Gaffneyetal.,2005; Sobolev etal.,2005,2007; Herzberg, 2006).
For example, Koolau lavas, with relatively high 87Sr/gGSr
(~0-7044) and SiO, (~53-55 wt %), are explained by melt-
ing ancient recycled oceanic crust within the Hawaiian
plume (Hauri, 1996; Lassiter & Hauri, 1998; Blichert-
Toft et al., 1999; Huang & Frey, 2005; Fekiacova et al.,
2007). Further support for a pyroxenite source within the
Hawaiian plume comes from modeling compositional
variations of lavas during long-lived eruptions, including
Puu ‘O'G (Reiners, 2002). This model predicts that the
continuous SiO, increases and CaO decreases could
be explained if Puu ‘O%6 lavas originated from a mixed
pyroxenite—peridotite source with different solidi.

The temporal increases in  ¥Sr/*Sr ratios and
Si0y abundances (normalized to 10wt % MgO) in the
1998-2003 lavas (Fig. 5) could be evidence for increased
melting of an eclogite or pyroxenite lithology (i.e. recycled
oceanic crust) in the Hawaiian plume. However, an
increasing contribution of this source lithology during
the eruption is unlikely for the following reasons. (1) The
MgO-normalized SiO, trend is relatively flat prior to
1998, increased from 1998 to 2003, and has decreased
since mid-2003. Moreover, the CaO trend has increased
since mid-2003. Both trends are inconsistent with a simple
mixed lithology source (e.g. Reiners, 2002). (2) The long-
term decreases in CaO abundances (normalized to
10wt % MgO; Fig. 5) from 1985 to 2003 suggest that
there has been a decrease in the amount of clinopyroxene
that is melted in the mantle source region, rather than the
predicted increase of this mineral. (3) The Ni abundances
of the lavas have progressively decreased (at a given MgO)
from ~1992 to 2005 (Fig. 3). Because Ni is highly compati-
ble in olivine relative to clinopyroxene (e.g. Sobolev et al.,
2005), the decreases in Ni content suggest that recent
Pu‘u ‘O'5 lavas originated from a peridotite source that
became more olivine-rich and/or clinopyroxene-poor with
time. A peridotite source is also supported by the positive
correlation between *°Ra—*Th and **Th—**U disequi-
libria of 1985-2001 Pu‘u ‘OG lavas (Pietruszka et al., 2006).

SMALL-SCALE MANTLE
HETEROGENEITY

The timing of the temporal inflections of the ¥ Sr/**Sr ratios
in the Puu ‘O'G lavas may be used to help constrain
the scale of heterogeneity within Kilauea’s melting region.
The steady increase in the *’Sr/**Sr ratios between 1998
(day ~5500) and 2003 (day ~7400) suggests that the propor-
tion of the hybrid component progressively increased during
this period. The lack of significant changes in the volume
of magma stored in the shallow summit reservoir beneath
Kilauea during prolonged (months to years) historical
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Kilauea rift eruptions (i.e. Mauna Ulu and Puu ‘O°0)
suggests that the magma supply rateis similar tolava effusion
rate (Tilling et al., 1987, Dvorak & Dzurisin, 1993; Denlinger,
1997). Assuming that the magma supply rate is approxi-
mately equal to the lava effusion rate (~0-13km®fyear;
Sutton et al., 2003) for the Puu ‘O'G eruption, the total
volume of melt extracted from Kilauea’s source region from
1998 to 2003 (~1900 days) was ~0-7 km®. This estimate prob-
ably represents the maximum volume of melt derived from
the hybrid source during this period. If 100% of the recently
depleted and hybrid components were being tapped at the
temporal inflections in 1998 and 2003, respectively, melt
from the hybrid source might represent ~50% of the total
lava volume erupted from 1998 to 2003 (~0-35 km?). Models
for tholeiitic basalt production within the Hawaiian plume
suggest that the melt-zone porosity within Kilauea’s source
region is ~2-3% (Sims et al., 1999; Pictruszka et al., 2001).
Thus, if melt tapped from 1998 to 2003 represents ~2-3% of
the total volume from which it was extracted, then the
volume of the source region that supplied melt during this
period would be ~10-35 km®,

The 1996-2003 lavas plot within analytical error
along the mixing line from the recently depleted source
(10-Jan-1997)

and 8). If these recent lavas are derived from a hybrid

towards the hybrid component (Figs 6

mantle source containing a mixture of Kilauea and
Mauna Loa components, then the size of these components
must be significantly smaller than the volume of the source
region that was tapped from 1998 to 2003 (<10-35km?).
Thus, the Kilauea and Mauna Loa mantle components
that make up the hybrid component are thought to be
mixed on a fine scale in the Hawaiian plume.

CHEMICAL STRUCTURE OF
THE HAWAIIAN PLUME

The long-term geographical and compositional differences
between Hawaiian shield volcanoes have been related to
the distribution of large-scale heterogeneities in a radially
(Lassiter et al., 1996; Bryce et al., 2005), asymmetric
(Abouchami et al., 2003) or irregularly zoned (Kurz et al.,
2004) Hawaiian plume. For example, Kilauea and Mauna
Loa volcanoes have erupted geochemically distinct lavas
for most of their known eruptive history, suggesting that
the source components of these volcanoes (i.e. Kea and
Loa) have remained compositionally distinct [except
for some young prehistoric (Ap 900-1400) Kilauea and
Mauna Loa lavas; Marske et al., 2007] over a time scale of
thousands of years (e.g. large-scale heterogeneity; Frey &
Rhodes, 1993; Abouchami et al., 2005). However, the recent
Pu‘u ‘O'6 compositional trends suggest that both Kilauea-
and Mauna Loa-like components are present within
Kilauea’s source region with a spatial distribution capable
of creating the rapid fluctuation towards the hybrid
composition on a time scale of years.

HETEROGENEITIES IN HAWAIIAN PLUME

To explain the recent trend of Puu ‘O‘o lavas towards
the hybrid composition we propose a model with large-
scale compositional heterogeneity (e.g. Lassiter et al., 1996;
DePaolo et al., 2001; Bryce et al., 2005) that is gradational
across the Hawaiian plume (black to white shading in
Fig. 9a). On a finer scale, Kilauea- and Mauna Loa-like
heterogeneities (<10-35 km®) are assumed to be present
(within the enlarged circles in Fig. 9a), but vary in relative
abundance depending on location within the Hawaiian
plume. For example, the darker zonation within Kilauea’s
typical source region contains more Kilauea heterogene-
ities, and vice versa for the whiter zone below Mauna
Loa. Similarly, the intermediate gray zone located between
these two volcanoes represents a source with approxi-
mately equal amounts of Kilauea- and Mauna Loa-like
compositions (Fig. 9a).

Resolving the spatial distribution of these small-scale
compositional heterogeneities (<10-35 km”) is problematic
given the wide range in estimates for the size of Kilauea’s
melting region. These estimates vary from an ~55km
thick region near the central axis of the plume (Watson &
McKenzie, 1991) to a thickness of <5-10 km (Marske et al.,
2007). The maximum radius of this melting region is prob-
ably ~17km (i.e. half the distance between the summits
of Kilauea and Mauna Loa; Pietruszka et al.,, 2001).
Estimates for the rates of mantle melting in the Hawaiian
plume range from >0-0005 to >0-03kg/m’ per year
(Cohen et al., 1993; Hemond et al., 1994; Sims et al., 1999;
Pietruszka et al., 2001). Even the highest melting rates
would require melting over a voluminous mantle source
region (~8500 km?; Pietruszka el al., 2006) to account for
the vigorous lava effusion rate during the Pu‘u ‘O'6 erup-
tion (~0-13 km%year; Sutton et al., 2003). Tapping such
a large melting region would probably homogenize the
melts derived from the three distinct sources for this erup-
tion. Instead, the compositional variability of Puu ‘06
lavas could be preserved if compositionally distinct melts
are extracted into chemically isolated channels and effi-
ciently transported to the surface (Pietruszka et al., 2006).

The melting region beneath Hawaiian volcanoes is
predicted to be zoned, with higher degrees of partial
melting (and higher melt productivity) in a relatively thin
zone near the top of the melting region (Watson &
McKenzie, 1991). Thus, melt extraction would probably
be more effective if it occurred laterally over a thinner
(i.e. ~5—10km thick; Marske et al., 2007) region. As melt
migrates into channels to supply the Pu‘u ‘O eruption,
it must be extracted from more distal areas to sustain the
flow of melt to the surface, otherwise the melt supply
would become exhausted (Pietruszka et al., 2006). In this
context, we propose that the systematic geochemical
trends toward the hybrid composition from 1998 to 2003
could be explained if melt pathways migrated from an
area within Kilauea’s typical melting region dominated
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Fig. 9. Hypothetical cross-section of the lithosphere and the upper part of the Hawaiian plume beneath Kilauea and Mauna Loa. (a) The
long-term compositional differences between Hawaiian shield volcanoes are illustrated with black to white gradation representing large-scale
compositional heterogeneity within the plume (e.g. Lassiter ez al., 1996; Kurz et al., 2004; Abouchami ez al., 2005; Bryce et al., 2005). Superimposed
on this large-scale heterogeneity are small-scale heterogeneities (<10-35 km® blobs within the enlarged circles) that reflect a predominance of
Kilauea (black) and Mauna Loa (white) components beneath these volcanoes. An isotopically distinct plume matrix (white area between the
blobs) is also thought to be present in the plume based on the Pb, Sr, and Nd isotopic evidence for at least three components within the
Hawaiian plume (e.g. West & Leeman, 1987; Eiler et al., 1996; Hauri, 1996). The matrix is a schematic representation and other geometries of
the three mantle components are possible (e.g. three isotopically distinct blobs or streaks with no matrix). Melt extraction via chemically
isolated channels (inverted tree structures) may be the primary mechanism to withdraw melt from Kilauea’s melting region [striped region in
(a)] into the volcanos primary magma conduit (thick dashed black line; Pietruszka et al., 2006). (b) and (c) are enlargements of Kilauea’s
melting region. The small-scale heterogeneities from (a) are not shown in (b) and (c) for simplicity, yet are assumed to be present. Between
1985 and 1998 (b), the recently depleted source (black ovals) was an important component in Kilauea’s melting region. The importance of the
Kilauea—Mauna Loa hybrid component (gray zone) that was progressively tapped from 1998 to 2003 can be explained if the melt channels

migrated towards Mauna Loa while possibly extracting melt at shallower depths (c).

by the early and recently depleted component (black ovals;
Fig. 9b) towards Mauna Loa, where more Mauna Loa-like
components would be expected (Iig. 9¢). In contrast, the
MgO-normalized SiO, abundances are thought to be con-
trolled by the depth of partial melting (e.g. Hirose &
Kushiro, 1993; Kushiro, 1996; Longhi, 2002). Thus, the
temporal increase in normalized SiO, abundances in
1998-2003 lavas could also be explained if melt production
and segregation occurred at progressively shallower depths
(e.g. Stolper et al., 2004) during this interval (Fig. 9b and c).
This model for a fine-scale mixture of compositionally
distinct mantle heterogeneities (i.e. Kilauea and Mauna
Loa components) within the Hawaiian plume is consistent
with the presence of both Kea and Loa compositions in
young prehistoric (AD 900-1400) Kilauea and Mauna Loa
lavas (Marske et al., 2007), and in the melt inclusions of
East Maui lavas (Ren ¢t al., 20006).

CONCLUSIONS

The Puu ‘O‘0 eruption is exceptional among historical
eruptions for its long duration (25+ years) and composi-
tional variability. The systematic geochemical fluctuations
in Puu ‘OG lavas document the short-term crustal

(e.g. crystal fractionation) and mantle (melting and source
heterogeneity) processes in the Hawaiian plume. Pu‘u ‘O%6
lavas erupted from 1985 to 1998 are thought to have origi-
nated from at least two distinct source components with
similar isotopic compositions, although one was more
depleted in incompatible trace elements by a recent (<8 ka)
melting event in the Hawaiian plume. Post-1998 Pu‘u ‘O‘5
lavas record small but distinctive variations of MgO-
normalized major element abundances, and Sr isotope and
incompatible trace element ratios (compared with earlier
erupted lavas) that require a third source component.
Lavas erupted between 1998 and 2003 display a temporal
geochemical evolution toward an intermediate area
between the compositional fields of historical Kilauea and
Mauna Loa lavas. Based on mixing models, the 1998-2003
Pu‘u ‘O'6 lavas trend towards a hybrid mantle source com-
position made of roughly equal proportions of Kilauea- and
Mauna Loa-like components. The contribution from a
recently depleted Kilauea component decreased starting
in early 1998 as the volcano tapped greater proportions of
a hybrid component until mid-2003. The systematic geo-
chemical trends toward this hybrid composition can be
explained if melt pathways migrated from an area within
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Kilauea’s melting region (important for 1985-1998 lavas)
towards Mauna Loa, where an equal mixture of Kilauea-
and Mauna Loa-like components may exist. The presence
of Kilauea (i.e. Kea) and Mauna Loa (i.e. Loa) components
(<10-35 km?) in Pu‘u ‘O'6 lavas suggests that both of these
components are present as a fine-scale mixture in Kilauea’s
source region.
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APPENDIX

Table Al Sr isotope ratios for Pu'u "0 lavas

NUMBER 7 | JULY 2008

Sample 87gr/%8sr  #sr/%0sr Sample 87gr/%8gr  ®7gr/%gr Sample 87gr/%8gr  #sr/%sr Sample  ¥'Sr/%sr  #sr/%sr
(TIMS)  (MC-ICP-MS) (TIMS)  (MC-ICP-MS) (TIMS)  (MC-ICP-MS) (TIMS)  (MC-ICP-MS)
26-Mar-89 0703586 27-0ct99 0703610 0703627 15-Jan-04 0703625  0.703642 Kil1919 0703472
0703582 0703619 0703634 0703476
0703581 0703630 0703638 0703483
12-May-91 0703586 19-Feb-00 0703617 0703634 0703623
0703623
29-Dec-92 #1  0.703606 LU 7-Jun-04 0703623 0703635
0703585 0703627
0703598 21-Jun-00 0703644 0703621
8-Jan-01 0703639 0703612
29-Dec-92 #2  0.703609 7-Jul01 0703616 0703635 31-Jan05  0.703622
0703591 0703631 0703627
0703594 0703621 0703616
27-Apr-95 0703594 9Feb-02 0703636  0.703628 0703622
0703612 0703646 0703616
0703598 0703639 0703634
7-Sep-98 0703607 20-Aug-02 0703642 0703633 0703629
0703592 0703638
0703607 0703643 8-Aug05  0.703620
0703602 0703631
0703592 12-Apr-03 0703634 0703641 0703611
0703608 0703643 0703613
0703644 0703641
13-Feb-99 0703616 0703613

Multiple analyses for a given sample are from a single dissolution. The average &’Sr/%Sr value for each sample is presented in Table 5.
Samples 26-Mar-89, 12-May-91, 29-Dec-92 (#1 and #2), and 27-Apr-95 were re-run to further improve the precision of these analyses
compared with the data presented by Garcia et al. (1996, 2000) and Pietruszka et a/. (2006). Samples 29-Dec-92 #1 and #2 represent
separate dissolutions performed by Pietruszka et a/. (2006). The 875r/%8Sr values of the SRM987 standard by TIMS were 0-710255 + 17
(25; n=60) for the 1999-2004 Pu’u ‘O’‘o lavas, and 0-710246 + 17 (2o; n=18) for Kil1919 and the 1989-1998 and 2005 Pu‘u ‘O‘0 lavas.
Multiple analyses of the SRM987 standard by MC-ICP-MS with the 1998-2004 lavas gave & Sr/%Sr=0.710220 + 13 (25; n=35). The
in-run errors are less than the external reproducibility of SRM987. All Sr isotope ratios are reported relative to &’Sr/%Sr = 0.710250 for

SRM987.
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