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New isotopic and trace element measurements on lavas from the submarine southwest rift zone
(SWR) of Mauna Loa continue the temporal trends of subaerial Mauna Loa flows, extending the
known compositional range for this volcano, and suggesting that many of the SWR lavas are older
than any exposed on land. He and Nd isotopic compositions are similar to those in the oldest
subaerial Mauna Loa lavas (Kahuku and Ninole Basalts), while 87Sr/86Sr ratios are slightly
lower (as low as .7036) and Pb isotopes are higher (206pb/204Pb up to 18.30). The coherence of
all the isotopes suggests that helium behaves as an incompatible element, and that helium iso-
topic variations in the Hawaiian lavas are produced by melting and mantle processes, rather than
magma chamber or metasomatic processes unique to the gaseous elements. The variations of He,
Sr, and Nd are most pronounced in lavas of approximately 10 ka age range [Kurz and Kammer,
1991], but the largest Pb isotopic variation occurs earlier. These variations are interpreted as re-
sulting from the diminishing contribution from the upwelling mantle plume material as the shield
building ends at Mauna Loa. The order of reduction in the plume isotopic signature is inferred to
be Pb (at >100 ka), He (at -14 ka), Sr (at -9 ka), and Nd (at -8 ka); the different timing may re-
late to silicate/melt partition coefficients, with most incompatible elements removed first, and
also to concentration variations within the plume. Zr/Nb, Sr/Nb, and fractionation-corrected Nb
concentrations, correlate with the isotopes and are significantly higher in some of the submarine
SWR lavas, suggesting temporal variability on time scales similar to the Pb isotopes (i.e. - 100
ka). Historical lavas define trace element and isotopic trends that are distinct from the longer
term (10 to 100 ka) variations, suggesting that different processes cause the short term variability.
The temporal evolution of Mauna Loa, and particularly the new data from the submarine SWR,
suggest that the isotopic composition of the upwelling plume mantle is best represented by data
from Loihi seamount tholeiites. The temporal evolution suggests that the mantle source of the
latest stage of Mauna Loa, which is characterized by radiogenic 87Sr/86Sr (up to .70395), unra-
diogenic zO6pb/204pb 18.0), 3He/4He ratios similar to MORB, and low Nb concentrations, is a
small-volume contribution related to non-plume components (such as normal asthenosphere, or
entrained mantle).

Mauna Loa Revealed: Structure, 	 1. INTRODUCTION

Composition, History, and Hazards
Geophysical Monograph 92

	 Previous studies of Mauna Loa volcano have shown that
Copyright 1995 by the American Geophysical Union 	 isotopic compositions of lava flows have significantly
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Figure 1. Map of Hawaii showing the principal rift zones of the Hawaiian volcanoes, and the study area on the sub-
marine southwest rift zone (SWR) sampled during Pisces V dives 182-185 [see also Garcia et al., this volume]. Dark
areas are the volcano summits.

changed on eruptive time scales between 0.1 and 10 ka
[Kurz et al., 1987; Kurz and Kammer, 1991; Kurz, 1993].
A marked decrease in 3He/4He at approximately 10 ka,
suggests a diminished hotspot influence beneath Mauna
Loa, in accord with a decline in eruption rates since about
100 Ka inferred from geologic data [e.g. Lipman et al.,
1990; Moore et al., 1990; Lipman, this volume]. If the
hotspot supply to Mauna Loa diminished since 10 ka, as
implied by the helium data, then this volcano offers a spe-
cial opportunity to study a critical transition of Hawaiian
volcano evolution.

Mauna Loa is an ideal place to study temporal evolution
of volcanism because of its frequent historical eruptions
and the excellent stratigraphic framework provided by
geologic mapping combined with radiocarbon dating [e.g.,
Lipman and Swenson, 1984; Lockwood and Lipman, 1987;
Rubin et al., 1987; Lockwood, 1995]. The oldest

stratigraphically exposed Mauna Loa lavas are along the
Kahuku and Kealekekua faults and in the Ninole Hills (see
Figure 1). This paper presents new isotopic and trace ele-
ment data from the submarine southwest rift zone of
Mauna Loa (SWR), on the Kahuku fault, which extend the
age range of analyzed lavas and provide insights into the
causes of the geochemical variations. We also present
additional trace element and Nd isotopic data for the sam-
ples discussed by Kurz and Kammer [1991], which dem-
onstrate coherent variations among the trace elements and
the Sr, Nd, Pb, and He isotopic systems.

The isotopic variations among Mauna Loa lavas are im-
portant to global geochemical models because such de-
tailed stratigraphic sequences are available for few oceanic
islands. Coherent variations in the isotopes of He, Sr, and
Pb rule out many of the models that have been invoked to
"decouple" helium from the radiogenic isotopes, such as
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metasomatism, magma chamber degassing, and radiogenic
ingrowth of 4He [e.g. Condomines et al., 1983; Zindler and
Hart, 1986; Vance et al., 1989; Hilton et al., 1995]. How-
ever, the complexity of the Mauna Loa isotopic variations
may require the presence of three distinct mantle sources,
combined with plate movement and waning of the hotspot
[Kurz and Kammer, 1991]. The oldest Mauna Loa lavas
have the highest 3He/4He ratios, while the historical lavas
have low 3He/4He ratios similar to normal mid-ocean ridge
basalts (MORB). The high 3He/4He ratios identify the
source of the oldest Mauna Loa shield lavas as the upwel-
ling mantle plume, and the other two sources may relate
either to lithosphere, normal asthenosphere, or entrained
asthenosphere [Kurz and Kammer, 1991; Kurz, 1993]. An
alternative explanation is that the complex isotopic varia-
tions are produced by only two mantle sources (plume and
normal asthenosphere), coupled with the effects of melt
percolation through a porous medium and chroma-
tographic separation of different elements [McKenzie and
O'Nions, 1991; Watson, 1993]. Determining the geometry
of mantle heterogeneities and melting processes remains
one of the difficulties of reconciling geochemical and geo-
physical observations. The explanation for the short-time-
scale Mauna Loa isotopic variations is important not just
for understanding the present-day configuration of the
largest volcano on earth, but to the processes of melting in
the mantle.

2. SAMPLES AND ANALYTICAL METHODS

2.1. Samples

The 14C age and Sr, Nd, Pb and He isotopic data for
subaerial Mauna Loa lavas are presented in table 1
(radiocarbon dated and historical) and table 2 (Kahuku and
Ninole); sample localities have been discussed elsewhere
[Kurz et al, 1983; Kurz et al., 1987; Kurz and Kammer,
1991]. The samples in tables 1 and 2 are assigned a
stratigraphic order, as reflected in "unit number" which in-
creases with age. For the Kahuku samples, stratigraphic
order is simply related to depth in section on the Kahuku
Pali; the samples range from the youngest (top of the sec-
tion) to the oldest.' The top of the Kahuku Pali is covered
with Pahala ash, which is generally assumed to be older
than 31 ka [Lipman and Swenson, 1984; Lockwood and
Lipman, 1987]. Unit numbers 17 and 18 directly underlie
the Pahala ash and occur at the top of the Kahuku fault,
and are assumed to be >31 ka in age. Unit number 19 is
from the base of the Kealekekua fault [Kurz and Kammer,
1991], placing it below the Pahala ash (and hence older
than units 17 and 18); the placement of this unit with re-
spect to the other Kahuku exposures is speculative, but it is

assumed here to be younger. Ninole Basalt, exposed on the
southern flank of Mauna Loa, has been dated at 100 to 200
ka in age [Lipman et al., 1990], and is assumed to be older
than the subaerial Kahuku Basalts. Data for most of the
Kahuku and Ninole lavas and their relative locations are
given in Kurz and Kammer [1991]. The only new subaer-
ial Mauna Loa samples in the tables are KS87-26 and
KS87-27 (table 2), which were collected from 41 and 38
meters (above sea level) on the Kahuku fault, at the same
location described in Kurz and Kammer [1991].

Pisces V dives 182-185 were carried out on the subma-
rine portion of the Kahuku fault (see Figure 1) between
550 and 2000 meters below sea level [Garcia et al., this
volume]. A primary objective was to extend the stratigra-
phy back in time, which is possible because there has been
little recent activity on the submarine portion of the Ka-
huku fault, and the exposed sections are not covered by re-
cent lavas [Fornari et al., 1979; Moore et al., 1990; Moore
and Clague, 1992; Garcia et al., this volume]. Lipman
[this volume] discusses attempts to K-Ar date these lavas,
which have been unsuccessful due to the young ages, low
K contents, and excess (mantle) 40Ar. The subsidence rate
for Hawaii of 2 5 mm/yr [Moore, 19871 and the depth
would imply ages between 200 and 800 ka. However, be-
cause all of the flows have glassy, pillow morphology, it is
certain that they were erupted under water, and the subsi-
dence rates provide only upper age limits Based on sub-
sidence rates for a submerged shoreline on the SWR,
Lipman [this volume] suggests a minimum age of 130-150
ka for the top of the submarine section. In summary, age
estimates for the submarine Southwest rift lavas are 100-
300 ka, but must be viewed as tentative [Garcia et al., this
volume; Lipman, this volume].

The dive samples from the SWR are considered to be a
continuation of the subaerial Kahuku section, which repre-
sents a fault or landslide scar [Garcia et al., this volume].
Although the age constraints do not exclude the possibility
that there is age overlap between the subaerial and subma-
rine samples, the dive samples represent an age sequence
on a single stratigraphic section. Samples collected during
dives 182 and 183 are a continuous depth (and hence
stratigraphic) traverse of this sequence at one location.
The two samples from dive 185 were collected from the top
of the fault, and are assumed to be the youngest samples,
even though they were collected from 1400 to 1700 meters
water depth. The samples from dive 184 are placed rela-
tive to the others based on the reconstructed section pre-
sented by Garcia et al. [this volume]. As discussed below,
the isotopic data, presented in table 3, suggest that at least
some of the submarine SWR lavas are older than the
subaerial Kahuku and Ninole Basalts, and therefore are
consistent with ages greater than 100-200 ka. Further dis-
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TABLE I. Isotopic and Trace Element Data for Historical and Radiocarbon Dated Lava Flows

sample
Unit #

ML55(1950)
1

ML82(1887)
2

185
3

187
3

202
3

ML84(1868)
4

k7-03#
5

k7-05
5

K7-15
5

k7-31#
6

ha82-01#
7

age(yrs)* 0 63 73 73 73 82 640 640 890 910
3HetHe 8.6 8.6 8.") 8.2 8.3 8.0 8.5 8.6 8.8 8.1

0.4 0.2 0.2 0.2 0.2 0.8 0.1 0.1 0.3 0.1
"Sr/"Sr 0.703826 0.703857 0.703857 0.703825 0.703857 0.703853 0.703930 0.703936 0.703942 0.703957 0.703950
2°6 P b / 2°4P b 18.11 18.16 18.13 18.11 18.14 18.14 18.08 18.10 18.09
xriPb/204Pb 15.46 15.44 15.44 15.43 15.45 15.45 15.45 15.44 15.46
X6Pb/20'Pb 37.91 37.88 37.85 37.82 37.88 37.88 37.85 37.85 37.87
43Nd/144Nd 0.5128945 0.512894 0.5128843 0.512903 0.5128775 0.5128327 0.512838 0.5128373 0.512827 0.5128373

MgO 8.65 8.53 22.21 15.54 8.28 15.42
Sr/Y 13.5 12.3 14.3 13.7 13.3 12.1
K/Y 133.4 122.7 145.7 160.9 154.2 156.8
Sr/Nb 31.8 30.9 32.0 26.9 29.3 26.9
K/Sr 9.9 10.0 10.2 11.7 11.6 12.9
Zr/Nb 13.2 13.5 13.1 12.3 13.2 13.4
Zr/Y 5.6 5.4 5.9 6.3 6.0 6.0
K/P 2.6 2.8 2.8
Rb 5.2 5.0 4.2 5.9 7.4 6.5
Sr 296 275 205 266 345 272
Nb 9.3 8.9 6.4 9.9 11.8 10.1
Zr 123 120 84 122 156 135

21.9 22.4 14.3 19.4 26.0 22.4

cussion of the field relations, geological context, and pe-
trology of these samples is presented by Garcia et al. [this
volume] and Lipman [this volume] in this volume.

2.2. Analytical Methods

Analytical methods for the measurement of Sr, Pb, and
He have been presented elsewhere [Kurz et al., 1987; Kurz
and Kammer, 19911. The Nd isotopic measurements were
carried out on aliquots of the same whole rock sample
previously used for the Sr and Pb measurements. The Nd
chemistry was carried out on either the unused fraction
from the Pb chemistry, or separate dissolutions, using the
methylactic acid technique. The Nd was loaded onto the
Ta side filament of Ta-Re double filament, and the isotopes
measured on a VG 354 thermal ionization mass spectrome-
ter using dynamic multicollection. The t43Nd/144Nd ratios
are fractionation-corrected using a 146Nd/144Nd ratio of
.7219, and normalized to a La Jolla value of .51184. Dur-
ing the course of this study, the average measured value for
the La Jolla standard was .511851 (± .000008, n=25).
Typical statistics on an individual sample run are 10 ppm
on 143Ndp44Nd (± .000005). Sr and Pb isotopes were
measured using methods described previously [Kurz and
Kammer, 1091]. During the course of the SWR measure-
ments the average measured value of the NBS 987 stan-
dard was .710264 (± .000019, n=18), and the measured
values for NBS 981 were 206pb/204pb 16.904 + .016,

207pb/204pb 15.450 + .021, and 208pb/204pb = 36.568 +
.060 (n=16). Pb isotopic ratios are normalized to the val-
ues of Catanzaro et al. [1968] for NBS 981. The repro-
ducibility for the standards given above (and used for nor-
malization purposes) are conservative estimates for the two
standard-deviation uncertainty of the Sr, Nd, and Pb iso-
topic measurements given in tables 1-3. The Sr, Nd, and
Pb blanks were typically less than 40, 70, and 150 pi-
cograms, respectively, and are a negligible contribution to
all the measured ratios. All of the isotopic measurements
were carried out in the Isotope Geochemistry Facility at
Woods Hole Oceanographic Institution.

Helium isotopes were measured on olivine phenocrysts
that were hand picked from crushed and sieved 1 to 2 mm
size fractions of the lavas. Blanks were roughly 3.5 x 1041
ccSTP 4He with atmospheric 3Hef1He. Because subaerial
lava flows themselves are extensively degassed, the oh-
vines contain the only remnant of magmatic gases. The
bulk of the helium within the olivines resides within the
melt inclusions [Kurz, 1993] and is released by crushing in
vacuo; all measurements in tables 1-3 were obtained by
crushing in vacuo. Helium measurements were carried out
in olivines, while the Sr, Nd, and Pb were measured on co-
existing groundmass. Garcia et al. [this volume] have
shown that many olivines in the SWR lavas are out of
equilibrium with the coexisting basaltic compositions, and
that some of them may be xenocrysts. The coherence be-
tween the isotopes of Sr, Nd, Pb and He suggests that this
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TABLE I (continued). Isotopic and Trace Element Data for Historical and Radiocarbon Dated Lava Flows

sample
Unit #

k7-14
8

T87-8
8

k5-05
8

k7-04
9

k7-13
10

k5-28
11

k7-01
12

k7-07
13

k7-08
13

ha82-05
14

ks87-02
14

k5-32
15

age(yrs) 2180 2180 2180 2300 2940 5660 7230 7750 7750 9020 9020 11780
31-leitHe 8.6 9.2 9.1 8.4 8.3 8.7 9.2 10.1 8.8 13.1 13.1 11.0
+ 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.2
87Sr/s6Sr 0.703950 0.703913 0.703936 0.703917 0.703905 0.703830 0.703779 0.703967 0.703821 0.703838 0.703775
2°6Pb/2c4Pb 18.15 18.10 18.11 18.10 18.19 18.06 18.14 18.10 18.12 18.07 18.09
2mPb/204Pb 15.46 15.47 15.47 15.45 15.43 15.46 15.45 15.45 15.46 15.43 15.45
2°6Pb/2c4Pb 37.93 37.93 37.90 37.85 37.86 37.84 37.84 37.84 37.88 37.82 37.84
143Nd/I44Nd 0.512814 0.512852 0.51283 0.512853 0.512915 0.512835 0.512878 0.512883 0.51289 0.512864 0.512868 0.512863
MgO 10.04 6.75 16.04 9.45 12.44 7.59 15.59 15.46 7.57
Sr/Y 13.6 13.5 11.5 15.7 13.2 15.6 12.5 12.6 12.7
K/Y 143.5 145.2 119.5 102.5 124.5 138.4 116.0 115.0 131.0
Sr/Nb 31.7 32.4 27.5 35.0 33.8 37.6 34.1 29.9 36.8
K/S r 10.5 10.8 10.4 6.5 9.4 8.9 9.3 9.1 10.3
Zr/Nb 13.3 13.7 13.2 13.3 14.9 13.2 14.6 13.4 16.7
Zr/Y 5.7 5.7 5.5 6.0 5.8 5.5 5.4 5.7 5.8
K/P 3.2 3.1 2.5 2.8 2.3 1.7 2.9 3.2 3.2
Rb 5.5 6.2 4.1 5.0 3.9 5.6 4.0 4.1 5.2
Sr 301 321 217 308 257 361 242 236 302
Nb 9.5 9.9 7.9 8.8 7.6 9.6 7.1 7.9 8.2
Zr 126 136 104 117 113 127 104 106 137
Y 22.1 23.8 18.9 19.6 19.4 23.1 19.4 18.7 23.7

# Denotes samples for which the trace element data were obtained from a different subsample of the same lava flow.
Most of the Sr, Pb and He measurements from Kurz and Kammer (1991).
*Both radiocarbon and 14C ages are reported relative to calendar year 1950.

TABLE 2: Isotopic and Trace Element Data From Kahuku and Ninole Basalts.

sample k5-30 k5-11# k5-23# k7-34 k7-24	 k7-26 	 k7-27 1(7-29 k7-28 K7-19 k7-20
Unit # 16 17 18 19 20	 21	 22 23 24 25 26

age(yrs) 28150 >31000 >31000 Kealekeku Kahuku Kahulcu Kahuku Kahuku Kahuku Ninole Ninole
HerHe 18.0 14.8 20.0 15.7 16.0 	 17.4 	 16.8 15.4 18.5

+ 0.4 0.1 0.2 1.0 0.4	 0.1	 0.2 0.2 0.1
87Sr/86Sr 0.703691 0.703689 0.703736 0.703724 0.703678 .703669 .703675 0.70367 0.703692 0.703740 0.703756
2°6Pb/204Pb 18.17 18.17 18.19 18.20 18.13 18.18 18.20 18.19 18.18
207Pb/204Pb 15.46 15.45 15.45 15.43 15.43 15.47 15.45 15.44 15.43
208Pb/204Pb 37.93 37.91 37.95 37.92 37.84 37.98 37.96 37.94 37.93
143Nd/I44Nd 0.512831 0.512915 0.512920 0.512925 0.512938 .512927 .512921 0.512934 0.512917 0.512889
Mg0(wgt%) 8.70 9.51 19.77 17.96 6.70 19.65 10.40 11.33
Sr/y 12.2 11.7 12.2 10.8 11.1 11.4 12.3
K/Y 117.8 50.7 113.4 109.6 27.8 39.4
Sr/Nb 30.2 31.1 36.1 27.7 28.0 30.0 28.1
K/Sr 9.6 4.3 9.3 10.1 2.4 3.2
Zr/Nb 13.9 13.6 15.4 13.3 13.9 12.9 11.5
Zr/Y 5.6 5.1 5.2 5.2 5.5 4.9 5.0
K/P 2.9 1.4 3.0 2.5 0.9 1.1
Rb (ppm) 5.1 4.3 0.7 3.8 5.4 3.4 0.8 1.4
Sr (ppm) 281 261 190 213 291 199 270 267
Nb (Ppm) 9.3 6.1 5.9 10.5 7.1 9.0 9.5
Zr (ppm) 129 83 91 140 99 116 109

Y (Ppm) 23.0 22.1 16.2 17.5 26.9 18.0 23.6 21.7

# Denotes samples for which the trace element data were obtained from a different subsample of the same lava flow.
Most of the Sr, Pb and He measurements from Kurz and Kammer (1991).
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is a minor problem, and that even if the olivines are xenoc-
rysts with respect to major elements, the helium within
them is closely related to the lavas which carry them.

Trace element data for the Mauna Loa samples, pre-
sented in the tables, were measured using X-ray fluores-
cence (XRF) spectrometry at University of Massachusetts
[Rhodes, 1983; 1988]. Only key trace element data are
presented here; a more complete discussion of major and
trace element abundances will be presented elsewhere.

3. RESULTS AND DISCUSSION

3.1. Temporal Isotopic Evolution of Mauna Loa

The Sr, Nd, Pb and He isotopic data from tables 1-3 are
summarized in Figure 2. Because the exact ages of the
Kahuku and Ninole Basalts and the submarine samples are
not known, the x axis in this diagram is the stratigraphic
order, as represented by the unit number. We emphasize
that there are considerable uncertainties in the
stratigraphic order, and that use of unit number for plotting
purposes does not imply that the age sequence is continu-
ous. As discussed above, without age determinations, it is
impossible to evaluate the assumption that the Ninole ba-
salts are older than the Kahuku Basalts, or that there may
be overlap between subaerial Kahuku and the submarine
SWR samples. The youngest flows are historical or radio-
carbon dated, and the ages are given in table 1.

There are coherent temporal variations with respect to
all the isotope systems, particularly in the age range near
10 ka (indicated by the dotted line in Figure 2). The
3He/4He ratios are highest in lavas older than 10 ka, which
are assumed here to relate to the decrease of the hotspot
signal at that time. The new Nd isotopic data show that
low 143Nd/144Nd ratios correlate with high 87Sr/86Sr, that
the oldest samples have the highest Nd isotope ratios, and
that Nd also displays an important shift at —10 ka. How-
ever, all the isotopic systems except helium display impor-
tant shifts between the historical and radiocarbon dated
flows, which demonstrates that the variations do not sim-
ply reflect a simple "shut off' of the hotspot, as would be
inferred from the helium isotopes alone.

The isotopic data strongly support the inferred stratigra-
phy, because the data from the SWR samples extend the
isotopic trends found for the 14C dated and Kahuku Basalt.
This is illustrated in Figure 3, where the arrows indicate
the temporal isotopic evolution [see Kurz and Kammer,
1991; Kurz, 1993]. The isotopic data for the submarine
SWR lavas are consistent with the hypothesis that many of
them are older than the Kahuku and Ninole basalts. There
is considerable overlap in isotopic compositions, and due to

the age uncertainties, it is quite possible that the youngest
SWR lavas overlap in age with the oldest Kahuku and Ni-
nole Basalts. However, the Mauna Loa isotopic trends are
extremely well defined, suggesting that isotopic measure-
ments are useful as an age constraint. Figure 3 also illus-
trates that the istotopic compositions of the youngest lavas
deviate significantly from the trend found for the SWR and
other Kahuku lavas. The "bend" in the Sr-He diagram de-
fined by samples younger than 0.6 ka was previously inter-
preted to reflect lithospheric influence [Kurz, 1993].

Some of the submarine SWR samples differ significantly
from the subaerial samples in Pb isotopes, and to a lesser
degree in Sr isotopes (Figures 2 and 3). The He and Nd
isotopic values are similar to the Kahuku and Ninole Ba-

Figure 2. Isotopic composition of Mauna Loa lavas placed in a
stratigraphic framework. Numerical ages are known only for
those that are less than 30 ka of age (solid diamond symbols, see
tables 1 and 2). The x axis is the unit number from tables 1-3,
with higher unit numbers having greater age (dotted line indi-
cates 10 ka). The arrows indicate the plume decay half life,
which is empirically defined as the age at which the plume iso-
topic signature has decreased to half its maximum value (or in-
creased in the case of Sr). Note that the oldest lavas have the
most radiogenic Pb. The transition at —10 ka is attributed to di-
minished influence of the plume.
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• Submarine SW Rift 0 Kahuku/Ninole • 14C dated/ historical

Figure 3. Sr vs. Nd, He, and Pb isotopes for Mauna Loa lavas,
with different fields denoting different age ranges (see Figure 2).
The complex temporal evolution is indicated by the arrows which
indicate time evolution toward the present day. The position of
the SWR samples in all of these diagrams is consistent with their
age assignment as older than the Kahuku and Ninole samples.
Error bars are ± 2a (error on 3He/4He is typically smaller than
symbols).

salts, but the Pb isotopic ratios found in the SWR samples
are the most radiogenic ever reported for Mauna Loa. As-
suming that the decrease in 3He/4He and increase in
87Sr/86Sr near 10 ka is due to the shut off of the hotspot,
and that the submarine SWR lavas are most representative
of the plume isotopic composition, then the Pb isotopic
signature of the hotspot disappeared earlier than the other
isotopic signals. This is illustrated by the arrows in Figure
2, which indicate the time at which the "plume signal" de-
creased to 1/2 of its maximum (i.e. the unit number which
has the value closest to 1/2 the maximum minus the mini-
mum isotopic ratio). The placement of the arrows in Fig-
ure 2 highly sensitive to the choice of maximum and
minimum values, and there is significant overlap between
the SWR and Kahuku lavas. However, assuming that the
highest Pb isotopic compositions represent the plume, the
Pb isotopes were the first to decrease, followed by He, Sr,
and Nd isotopes. For example, at 10 ka (dashed line in
Figure 2), the Pb isotopic values are similar to those in

younger lava flows, while Sr, Nd, and He differ signifi-
cantly. The timing derived from this approach is also
speculative, due to the lack of geochronology for the older
flows. The ages of the Kahuku and Ninole lavas are as-
sumed to be 100 -200 ka [Lipman et al., 19901, and so we
can only state that the major shift for Pb isotopes occurred
at >100 ka. The major shift in the isotopes therefore oc-
curred at very different times: greater than 100 ka for Pb,
at --14 ka for He, at 9 ka for Sr, and 7.7 ka for Nd.

There are a number of uncertainties in establishing
timing differences between the isotopes. First, the hy-
pothesis that the hotspot "shut off' at different times, is
based on the assumption that high 3He/4He ratios are diag-
nostic of the plume, and that the geochemical transition
near 10 ka in the isotopes represents disappearance of the
plume component. Figures 2 and 3 show that Sr, Nd and
Pb isotopes also varied significantly after the "transition",
and the assumption that the plume component disappeared
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after 10 ka is based solely on the helium data. With the
exception of helium, the isotope and trace element ratios
(see below) do not show a monotonic decrease with time.
In addition, the Pb isotopes are highly variable within the
submarine SWR lavas and do not show a simple
stratigraphic decrease. Finally, the timing is based on a
relatively sparse data set between approximately 7 and 28
ka.

The apparent timing differences can also be sensitive to
the contrast between the plume and the other mantle
sources, which relates not just to the differences in iso-
topic composition, but also to elemental concentrations in
the different sources. The total Pb isotopic variation is
only 8.5 standard deviations of the measurement uncer-
tainty, and may be more easily affected by concentration
differences between the different mantle sources.

3.2. Temporal Trace Element Variations

Incompatible trace elements also vary systematically on
similar time scales as the isotopes. Figure 4 shows that
Zr/Nb and Sr/Nb are lower in some of the SWR lavas than
in any of the radiocarbon dated or historical samples. The
Kahuku Basalts are transitional between the oldest radio-
carbon dated flows and the SWR lavas, and the oldest ra-
diocarbon dated flows have the highest Zr/Nb and Sr/Nb.
As with the isotopes, there are also important variations in
the younger lava flows, on time scales as short as 100 years
[see also Rhodes and Hart, this volume]. Ratios involving
the more compatible elements such as Zr/Y and Sr/Y (Zr/Y
should correlate with Sm/Yb) show less variability in the
oldest lavas. Most of the variability within these ratios is
found within the youngest lavas, and the radiocarbon dated
flows have significantly higher Sr/Y and Zr/Y.

The variations with respect to Zr/Nb and Sr/Nb in the
older flows are primarily related to Nb concentrations, be-
cause there appears to be little temporal variation in the
fractionation corrected concentrations of the other elements
in the SWR lavas. Figure 5 shows the fractionation nor-
malized (to 7% MgO) concentrations for Sr, Zr, Y, and
Nb, based on the assumption that olivine removal and
addition are the only controls on the primary trace element
concentration [e.g. Wright, 1971]. The SWR lavas have
higher (MgO normalized) Nb concentrations, while the
other elements show little variability in this age range.
The youngest lavas, however, have higher fractionation
corrected Sr and Zr concentrations.

One possible reason for the differences between the trace
elements is that they have differing degrees of incompati-
bility with respect to silicate/melt partitioning, and are ex-
tracted at different rates from the upwelling plume. The
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Figure 5. Variations in the fractionation corrected concentrations
of Nb, Y, Zr, and Sr as a function of stratigraphic age. The trace
elements are normalized to MgO content of 7% for consistency
with Rhodes and Hart [this volume], although it is possible that
the parental magmas are significantly more magnesian than this
[Garcia et al., this volume]. The calculations assume that the
olivine crystallized have Fo(87), and that they contain no trace
elements. Measurement uncertainties are similar in size to the
symbols for the elemental abundances.

order of the partition coefficients (Kd) for the elements
discussed here should be Nb< Pb < Sr < Nd < Zr < Y, as-
suming that melting occurs in the garnet stability field [see
Hart and Dunn, 1993; Hauri et al., 1994]. This order is
consistent with Nb (and the isotopic variations), but not
with the Zr, Y and Sr data. For example, the Sr/Y and
Zr/Y ratios are higher in the youngest lavas, which is the
opposite of what would be expected from melting depletion
of the plume. The isotopic data suggest different mantle
sources for these lavas, and the trace element variations
may also be caused by different source concentrations,
mixing processes, or variations in melting parameters.
Consideration of the Rb/Sr ratios and Sr isotopes suggests
mixing of sources or melts plays a role in the variations
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Figure 6. 87Sr/86Sr as a function of Rb/Sr and 1/Sr. The lack of
a relationship between 87Sr/86Sr and Rb/Sr demonstrates that the
Rb/Sr ratios in the lavas do not reflect the time integrated source
values. The correlation between 87Sr/86Sr and 1/Sr suggests that
mixing of mantle sources plays a role in the isotopic and trace
element variations. Note that higher Sr concentrations are found
in the younger lavas (see also Figure 5). Several of the Kahuku
lavas have very low Rb/Sr ratios due to Rb loss during subaerial
weathering. Arrows denote temporal evolution for the different
age groups, as in Figure 3.

(Figure 6). The absence of a relationship between
87Sr/86Sr and Rb/Sr demonstrates that the Rb/Sr ratios in
the lavas do not reflect the time integrated source values,
and must have been altered by mixing and melting proc-
esses. The correlation between 87Sr/86Sr and 1/Sr supports
the hypothesis that mixing of mantle sources or melts plays
a role, and shows that higher Sr concentrations character-
ize the mantle source of the younger lavas. Thus, the high
Sr/Y and Zr/Y found in the youngest lavas may reflect
higher Sr and Zr concentrations in the source region,
which is also consistent with the fractionation corrected Sr
and Zr (see Figure 5).

Although the change near 10 ka is referred to here as a
"transition", data presented by Rhodes and Hart [this vol-
ume], and the data from the youngest lavas in Figures 2
and 4 (including some historical flows), provide clear evi-
dence for shorter time scale variations. Rhodes and Hart
[this volume] found correlations within the historical flows
that are distinct from those illustrated by Figure 7, i.e. be-
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tween 87Sr/86Sr and trace element ratios involving the al-
kalis, such as Sr/Y and K/Y, but not with trace element
ratios involving Nb. This suggests that the trace element
variations in the youngest Mauna Loa flows may be pro-
duced by different mechanisms than those governing the
variations found in older lavas. Figure 7 shows that there
is an overall correlation between Zr/Nb and the isotopes,
but that the trend within individual age groups is orthogo-
nal to the overall trend. The samples with highest Zr/Nb
(the youngest ones) have the highest 87Sr/86Sr, but the re-
verse is true within each of the age groups (see for example
the Kahuku samples). The distinction between the histori-
cal and long term trends is further illustrated by the corre-
lation between 87Sr/86Sr and Sr/Y observed for the
historical flows [Rhodes and Hart, this volume] superim-
posed on data for the longer time scale presented here (see
Figure 8). The data for the older samples, including those
from the SWR (see also Garcia et al., [this volume]), dis-

Figure 7. Zr/Nb plotted with respect to the isotopes of Pb, Sr and
He for Mauna Loa and Kilauea. The arrows in the top two dia-
grams denote the temporal evolution, with arrows pointing to-
ward younger ages (as in Figure 3); arrows and distinct fields are
omitted from the lower diagram for clarity. Error bars in lower
left are ± 2a.
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play considerably more scatter, which also probably relates
to the different sampling intervals. Rhodes and Hart [this
volume] attribute the linear trend for the historical data
(Figure 8) to mixing between two primary melts. It is
possible that the linear historical trend reflects variations
in melting parameters (depth and degree of partial melt-
ing) primarily reflected in the trace element ratios, while
the larger isotopic variability over the longer time scale
primarily reflects changes in the mantle source.

In summary, the "transition" in Mauna Loa isotope geo-
chemistry is also found with respect to some trace elements
(see Figures 4 and 5). There is considerable scatter in the
data, and there are clearly shorter time scale variations, but
the Nb concentrations are highest in the submarine SWR
lavas. The Nb variations occur with a timing similar to the
Pb isotopes, and the transition to low Nb concentrations
precedes those found for He, Sr, and Nd isotopes. [Despite
the scatter within the data from stibmarine SWR lavas, a
two-way t-test suggests that, as a population, they are dis-
tinct from the subaerial Kahuku lavas (at the 99% confi-
dence interval) with respect to Nb, Zr/Nb, Sr/Nb, and Pb
isotopes.] Therefore, the change in Mauna Loa geochemis-
try occurs first for Pb isotopes and Nb concentrations, fol-
lowed by the isotopes of He, Sr, and Nd (in that order).
The transition for He, Sr, and Nd occurs at approximately
10 ka; the transition in Pb and Nb occurred at least 100 ka
earlier, assuming that the ages of the Kahuku Basalts are
between 100 and 200 ka [Lipman et al., 1990]. In contrast
to Nb, the concentrations of Sr, Zr, and Y display the larg-
est variability within the youngest lava flows, suggesting
that the temporal trace element and isotopic variability is
not simply related to degree of incompatibility.

3.3. Mechanisms for Temporal Variability

The most reasonable explanation for the large temporal
isotopic variations at Mauna Loa, at least those found near
10 ka in age, is that they relate to movement of Mauna Loa
over the hotspot. The Pacific plate is moving at an average
speed of — 10 cm/year, and the typical formation time for
Hawaiian volcanoes is between 500 ka and 1 Ma
[Lockwood and Lipman, 1987; Moore and Clague, 1992;
Lipman, this volume], so it is not unreasonable that Mauna
Loa has recently been removed from plume influence.
There are many geological arguments suggesting a recent
decrease in eruption rates [Lipman, this volume] and there
is a large change in eruption rates at 10 ka that coincides
with the timing of the geochemical variations [Lockwood,
this volume]. Based on 3Hef4He, the plume influence
diminished significantly at —10 ka. The other data (e.g.
Figures 2 and 5) shows that the largest variations in Nb

.7035 	
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Sr/ Y

Figure 8. A comparison of Sr/Y and 87Sr/86Sr for Mauna Loa
lavas. The field for historical encloses both data from table 1 and
those of Rhodes and Hart [this volume], and shows the distinc-
tion between the historical and longer term trends.

concentrations and Pb isotopes are earlier than those for
He, Sr and Nd isotopes. There is considerable scatter with
respect to Nb concentration and Pb isotopes, but the high-
est values are found in samples from the submarine SWR.
We suggest that the largest variations relate to the decrease
in the plume signal indicated by the helium isotopes. The
different timing could be partially related to degree of in-
compatibility, because Nb and Pb are highly incompatible
elements. This would suggest a relationship between effi-
ciency of extraction from the upwelling melting column,
with the most incompatible elements removed first. The
Sr, Y, and Zr concentration data are not consistent with
this explanation, because these elements show more varia-
tion in the younger lavas (and in the opposite direction ex-
pected from melting effects), and no correlation to the
isotopic variations in the older lavas. However, the frac-
tionation corrected concentration data are affected by pa-
rameters that have lesser affects on the isotope ratios, such
as initial concentrations in the different sources, and de-
gree and depth of partial melting. It is possible, for ex-
ample, to mix two mantle sources having different
87Sr/86Sr but very similar Sr concentrations, which could
result in an apparent decoupling of the isotope ratio and
concentration data.

Os isotopic data provide an important argument that the
timing of the isotopic (and Nb) variations are not entirely
caused by differing degrees of incompatibility and selective
removal by melting. Os is a compatible element with re-
spect to silicate melting, and if incompatibility (and resul-
tant extraction efficiency) were the primary control on the
isotopic variations, then Os would be the last isotopic sig-
nal to be removed from the plume. However, the Os iso-
topic data for Mauna Loa show a correlation with Sr, and
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Figure 9. Pb isotopic data for the island of Hawaii. Only data for
shield tholeiites are plotted here, in order to allow comparison
between the different shields. Data sources: Mauna Loa (this
study) Kilauea and Hualalai (unpublished data from this labora-
tory), Mauna Kea [Yang et al., 1994], Kohala [Tatsumoto, 1978],
Loihi seamount [Staudigel et al., 1984].

similar temporal variations to those shown in Figure 2 for
Sr [Hauri and Kurz, 1994; Hauri et al., 1996].

The distinct isotopic and trace element trends observed
for the historical flows (Figure 8), as well as the scatter
within the submarine SWR lavas strongly suggest that
there are several time scales of variability. The 10 to 100
ka variations are attributed to movement of Mauna Loa
away from the hotspot. The shorter time scale variations
may relate to the geometry of the heterogeneous plume or
to the processes of melting and melt migration. The his-
torical lavas have trace element variations that are almost
as large as the entire Mauna Loa range, but the isotopic
variations are much smaller (see Figure 8), which may
imply a greater influence of the melting processes. The
variations in Sr/Y may relate to both differing amounts of
residual garnet within the source or to variations in Sr/Y
within the different sources. Separating the effects of
source heterogeneity versus melting parameters will re-
quire additional major and trace element data, and is be-
yond the scope of this paper. Garcia et al. [this volume]
have shown that glasses from the SWR have similar major
element compositions to subaerial Mauna Loa, which
would suggest only minor changes in melting parameters
over the time period discussed here.

It has been suggested that melt percolation and mixing
between two distinct sources could explain the isotopic and
trace element variations in Hawaii [McKenzie and

O'Nions, 1991; Watson, 1993]. As mentioned above, al-
though some of the elements show timing variations in or-
der of compatibility (Nb, Pb, He, Sr, Nd), others do not.
The Os isotopes present severe problems for percolation
models, as discussed above, because Os is a compatible
element but correlates with Sr [Hauri et al., 1996]. The
two-source melt percolation model also cannot explain the
Pb isotopes. This is shown in Figure 9, which illustrates
that Loihi seamount lavas are intermediate between Mauna
Loa and Kilauea, and therefore cannot represent one of the
two end-members, contradicting helium isotopic evidence
that Loihi is an end-member. Additionally, any two com-
ponent mixing in a Pb-Pb diagram will produce a straight
line, and percolation cannot produce "loops" (of the kind
shown in Figure 3 for the other isotopes) with respect to Pb
isotopes. Figure 9 shows that the Mauna Loa data alone do
not define a straight line (see the 208pb/204Pb variations).
Consideration of the Pb isotopic data for other Hawaiian
volcanoes (not shown in Figure 9, such as Haleakala and
Koolau) also show significant deviations from a simple
mixing line, which excludes a two source mixing model.
Additional trace element constraints on melt percolation
model have been discussed by Frey and Rhodes [1993],
and will not be reviewed here. It is sufficient to conclude
that a two component melt percolation model of the type
discussed by McKenzie and O'Nions [1991] cannot explain
the temporal evolution of Mauna Loa.

These arguments do not exclude melt migration and
solid-melt interaction as important processes within the
Hawaiian mantle. Some of the temporal variability on
Mauna Loa may be related to degree of incompatibility and
hence to melt percolation, the efficacy with which melting
removes elements from the plume, and also the extent to
which the melts interact with the overlying mantle column
The isotopic data suggest that the temporal variability may
also relate to concentration differences between the various
sources. It seems most likely that plate motion carries the
volcano away from the hotspot source, and that the tempo-
ral geochemical variations are produced by a combination
of these effects. The largest Pb isotopic variations occur
—100 ka prior to the Sr, Nd, and He decay, and the Pacific
plate would have moved only 10 km in this time period,
which requires a relatively small scale of mantle heteroge-
neity.

3.4. Comparison with Adjacent Volcanoes

Because the new SWR data extend the known isotopic
and trace element range for Mauna Loa, it is important to
compare these data with adjacent Hawaiian volcanoes.
The trace element and isotope geochemistry of Hawaiian
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shield tholeiites has been extensively studied [e.g. Wright,
1971; Tatsumoto, 1978; Hofman et al., 1984; Budahn and
Schmitt, 1986; Tilling et al., 1987; Garcia et al., 1989;
Frey and Rhodes, 1993; Frey et al., 1994; Leeman et al.,
1994; Yang et al., 1994], and each shield has apparently
distinct geochemical characteristics which may relate to
differences in both the mantle source and the physical
processes involved. The subaerial lavas of Kilauea and
Mauna Loa, the only two presently active volcanoes on the
island, are geochemically distinct, even though they are
only 30-40 kilometers apart [Rhodes et al., 1989]. How-
ever, based on the trace element data presented here, the
submarine SWR lavas, which are presumed to be the old-
est, are the closest to the values found for Kilauea (see Fig-
ure 7). The oldest Mauna Loa samples also have isotopic
signatures closest to those of Kilauea, and the age trend
suggests a convergence in the geochemistry for older sam-
ples. The overlap between the Mauna Loa SWR and
Kilauea compositions is supported by the trace element
data presented by Garcia et al. [this volume], but does not
necessarily extend to the major elements. The data pre-
sented here illustrate the importance of temporal evolution
to comparison between the different shield volcanoes.

Based on the high 3Hei4He found at Loihi seamount, we
have proposed that Loihi isotopic data represent the closest
approximation to an undegassed plume "end-member" for
Hawaii [Kurz et al., 1982; Kurz et al., 1983; Kurz and
Kammer, 1991; Kurz, 1993]. Loihi is also the youngest
volcano in the archipelago, suggesting that the high
3He/4He ratios are related to volcano evolution [Kurz et al.,
1983; Kurz et al., 1987]. The new data from SWR of
Mauna Loa support this hypothesis because the oldest lavas
have the highest 3Hef4He (see Figure 10), and define a
trend which is closer to the isotopic composition of Loihi
seamount than any of the younger lavas. In addition, all
Hawaiian volcanoes have higher 3Hef4He in the oldest
tholeiitic lavas than in the associated alkali basalts. At
present these generalizations are based on stratigraphic
studies at Haleakala, Hualalai, Mauna Kea, Kilauea and
Mauna Loa [Kurz et al., 1987; Kurz and Kammer, 1991;
Kurz, 1993; unpublished data this laboratory]. All of these
results strongly support the mantle plume model as origi-
nally formulated by Wilson [1963] and Morgan [1971],
particularly if high 3He/4He ratios reflect undegassed
mantle sources (i.e. those having high He/(Th+U)) deriv-
ing from the lower mantle [e.g. Kurz et al., 1982].

The new data from the SWR of Mauna Loa have a
bearing on the relationship between the two parallel chains
that form the Hawaiian archipelago. In the islands south
east of the Molokai fracture zone, the volcanoes have al-
ternated in time between the two chains, with Loihi,

0.7034 0.7036 0.7038 0.7040

87Sr/86Sr
Figure 10. A comparison of the Sr, Pb, and He isotopic compo-
sitions for tholeiites on the island of Hawaii. Note that this fig-
ure excludes the alkali basalt data for Mauna Kea, Hualalai, and
Kohala. Data sources for Loihi seamount: Kurz et al., 1983;
Staudigel et al., 1984; Kilauea and Hualalai: unpublished data
this laboratory; Mauna Kea: Kurz et al., 1994; Kohala- Stille et
al., 1986; Graham et al., 1990]. Although there have been more
recent isotopic studies of Loihi seamount [Garcia et al., 1993],
the data plotted in this figure (and in Figure 9) are those samples
for which helium and other isotopic data coexist for the same
samples.

Mauna Loa, Hualalai, Mahukona, Kahoolawe, Lanai and
West Molokai representing the southern "Loa" trend, and
Kilauea, Mauna Kea, Kohala, Haleakala, West Maui, and
East Molokai representing the northern "Kea" trend (e.g.,
Jackson et al., [1972]; see inset Figure 1). Tatsumoto
[1978] noticed that the Kea trend volcanoes on the island
of Hawaii had more radiogenic Pb isotope ratios, and was
the first to relate isotope geochemistry to the existence of
the two chains. He suggested that the Loa volcanoes repre-
sented the primary expression of the upwelling plume, and
that the volcanoes in the Kea trend were more affected by
lithospheric contamination (which by inference had high
U/Pb) due to lower upwelling and eruption rates and
greater interaction with the lithosphere. At present, this
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hypothesis remains speculative; no comprehensive expla-
nation has ever been offered for the existence of the two
chains, and it is unclear if they are produced by litho-
spheric loading or mantle processes.

The isotopic data from Mauna Loa support Tatsumoto's
suggestion that the Loa and Kea trends are distinguished
with respect to isotopic composition on the island of Ha-
waii (with Kea trend volcanoes having more radiogenic
Pb). The new data from the SWR are particularly impor-
tant because they illustrate that the isotopic and trace ele-
ment compositions tend to converge for the older shield
building tholeiites, and that the geochemical difference
between the Loa and Kea trends is primarily a late stage,
time dependent effect. The oldest lavas from Kilauea and
Mauna Loa are most similar to Loihi, but the last 30 ka of
Mauna Loa eruptions have diverged significantly, as re-
flected in higher 87Sr/86Sr and lower 3He/4He ratios (see
Figure 10). Figure 10 suggests that the Sr and He isotopes
can be used to distinguish the Loa and Kea trend volca-
noes, with high 3He/4He indicative of plume influence. It
is unclear how robust this observation is, because there is
little data from the other volcanoes in the archipelago that
might be used to evaluate it. The Mauna Loa data demon-
strate how important the temporal evolution of a single
volcano is to such comparisons; it is problematic to com-
pare volcanoes at different stages of their evolution, even
though they may be tholeiitic shields.

4. IMPLICATIONS

4.1. Geochemistry of Hawaiian Basalts

The temporal variations found at Mauna Loa, particu-
larly with respect to Pb isotopes and Nb concentrations,
demonstrate how misleading it can be to compare geo-
chemical data from Hawaiian volcanoes at different stages
in their evolution; even within shield building tholeiites,
the stratigraphic framework is critical. For example, it is
common to consider Koolau as representative of the plume
end-member for Hawaiian volcanism, due to the high
87Sr/86Sr ratios found in the tholeiites [e.g. Stille et al.,
1986; Leeman et al., 1994]. However, the isotopic com-
positions found at Koolau are similar to the late stage of
Mauna Loa, because the high 87Sr/86Sr are coupled with
unradiogenic Pb isotopes, intermediate 3He/4He, and low
Nb concentrations [Stine et al., 1986; Roden et al., 1994].
The Mauna Loa isotopic and temporal variations, com-
bined with other data from the island of Hawaii, suggest
that this set of geochemical characteristics does not relate
to the plume, but may be a relatively small volume contri-
bution, limited to the last stages of shield building As dis-

cussed below, the "component" represented by isotopic
compositions similar to Koolau and late stage Mauna Loa
may be explained by entrained asthenosphere or litho-
sphere. Although this component is clearly associated with
the plume and/or its interaction with the lithosphere, the
data presented here suggest it is not the most volumetri-
cally important contributor to Hawaiian shields, and
probably does not represent the plume itself.

One important implication of the data presented here is
that Nb and Pb may be the first elements to be removed
from the upwelling plume. This conclusion must be
viewed as highly speculative, in light of the isotopic evi-
dence for mixing between different mantle sources, and the
possibility that the different timing for changes in Pb and
Nb (relative to He, Sr and Nd) is simply caused by concen-
tration differences between the sources. Whether the order
of depletion is caused by mixing or melt silicate partition-
ing, the coherence between helium and the other elements
strongly suggests that the physical control on helium iso-
topes within the melting region is similar to other ele-
ments. Therefore, there is little reason to invoke unusual
processes, such as vapor phase transfer or metasomatism
[e.g. Vance et al., 1990], to "decouple" helium. It seems
extremely likely that helium behaves as an incompatible
element with respect to melt/silicate partitioning, which is
also suggested by phenocryst/glass partitioning [Kurz,
1993]. Therefore, the Mauna Loa geochemical data offer
little support for models which discard the helium isotopic
evidence [e.g. Hofmann, 1986].

4.2 Models for the Hawaiian Plume

Based on the arguments presented above, it is necessary
to reconcile the requirement for three mantle sources, and
the temporal geochemical variations, with a reasonable ge-
ometry for the upwelling mantle plume beneath Hawaii.
Figure 11 shows one highly schematic example of such a
model; many other geometries are possible, but this car-
toon demonstrates the possibilities with respect to the dif-
ferent geochemical contributions to a Hawaiian volcano
[see also Frey and Rhodes, 1993]. At least four distinct
mantle reservoirs could serve as sources for Hawaiian vol-
canism: the upwelling plume, entrained material at the
edge of the plume, normal asthenospheric mantle, and
Pacific plate lithosphere. All of these are possible con-
tributors; although the geochemistry alone cannot conclu-
sively identify them, the isotopic data provide some
important constraints.

The highest 3He/4He ratios (up to 20 times atmos-
pheric), found in the oldest Mauna Loa flows, identify the
mantle plume itself as a major contributor to the main



shield stage. As mentioned above, all known temporal 
studies of Hawaiian volcanoes show that higher 3He/4He 
ratios are found in the earliest shield stages. Normal as
thenosphere, and presumably normal lithosphere, have 
3He/4He ratios close to 8 times atmospheric, based primar
ily on studies of MORB. The lower 3He/4He ratios in the 
younger Mauna Loa lavas were originally interpreted as 
mixing between the plume and entrained mantle at the 
plume edge [Kurz and Kammer, 1991; Kurz, 1993]. The 
geochemical reason for invoking entrained material, as op
posed to lithosphere [e.g. Liu and Chase, 1991], is that 
high 87Srl86Sr ratios should not be observed in normal 
lithosphere, because normal MORB typically have 
87Sr/86Sr less than .7030 [e.g. King et at., 1993]. How
ever, studies of Hawaiian lherzolite xenoliths, which may 
represent fragments of the oceanic lithosphere, have 
87Sr/86Sr of .7035 to .7042 [Vance et ai., 1989], making 
this a relatively weak argument. 

Another argument that lithosphere is not extensively in
volved as a source of melting comes from seismic and 
modeling studies, which suggest minimal lithospheric 
thinning beneath Hawaii [Davies, 1992; Ribe and Chris

tensen, 1994; Woods et ai., 1991]. Lithospheric thinning, 
and the resultant thermal buoyancy, was thought to have 
produced Hawaiian Swell [Detrick and Crough, 1978] 
which is now in doubt. The new data presented here are 
important because they demonstrate that the geochemistry 
of Mauna Loa has changed most dramatically within the 
last 30 to 100 ka, representing a small fraction of the 
erupted, and therefore mantle source volume. It is only 
during the recent eruptions « 30 ka) that isotopic data in
dicate a non-hotspot source. The historical Mauna Loa la
vas define a "bend" in all of the isotope systems (toward 
less radiogenic isotopic compositions, see Figure 3), which 
was previously attributed to the lithospheric component 
[Kurz, 1993]. 

The model shown in Figure 11 assumes that the geo
chemical variations are related to heterogeneity within the 
plume rather than lithospheric involvement, due to the 
seismic observations, the relatively radiogenic Sr isotopic 
compositions in recent Mauna Loa, as well as the Os iso
topic evidence [Hauri et ai., 1996]. 

The order of element removal suggested by Figure 2 is 
consistent with the cartoon in Figure 11, if we assume that 
the end of shield building stage represents a fundamental 
change in the mantle source. The model presumes that all 
melting occurs within the garnet stability field (depths 
greater than 90 Km), and attributes the geochemical 
change between 10 and 100 ka to zonation within the 
plume. At the end of shield building, the melting rate de
creases and the geochemical signature of the plume dimin-
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Heterogeneous Plume Model 
Loihi Kilauea Mauna Loa 
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Figure 11. One highly schematic model for the Hawaiian plume, 

which could explain the temporal geochemical variations. The 
model illustrates that there are several possible mantle sources, 

including a heterogeneous plume, the surrounding asthenosphere, 
and the lithosphere. Melting begins in the garnet stability field. 

By the time shield building is complete, the plume isotopic signa

ture may have been partly removed due to extensive melting of 

the plume, and the plume is assumed to be concentrically zoned. 

The last stage of shield building, as represented by recent Mauna 

Loa lavas, has contributions from entrained mantle material. It is 

inferred that the melting rate decreases at the end of shield 

building, which could imply slower melt migration rates through 

the lithosphere. Lithospheric involvement is assumed to be 

minimal, and limited to post-shield lavas. The absence of a 
depth scale below 100 kIn is intentional and is intended to em

phasize the uncertainty in the depth for initiation of melting. 

ishes. It is at this stage that the geochemical signature of 
the entrained material, which accumulates at the base of 
the lithosphere, may become dominant. It is possible that 
this component has been melting all along, but has been 
overwhelmed by melts from the closely associated, and 
volumetriCally more important, plume material. The dif
ferent timing implied by Figure 2 could then be explained 
by the concentration differences within the heterogeneous 
plume, combined with differing degrees of incompatibility 
(i.e. Pb and Nb having greatest concentration most effec
tively partitioned into the melt). 

There is considerable evidence that melting beneath 
Hawaii occurs within the garnet stability field [Budahn and 
Schmitt, 1985; Frey and Rhodes, 1993; Wright, 1971; 
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Hofman et al., 1984; Salters and Hart, 1991]. In addition,
the lack of Th-U disequilibrium within the historical
tholeiites of Mauna Loa and Kilauea suggest relatively
slow removal of melts from the garnet stability region
[Cohen and O'Nions, 1993; Hemond et al., 19941, at least
within the context of existing models [e.g. Spiegelman and
Elliot, 1993; Iwamori, 1993]. Hemond et al. [1994] sug-
gest that this can be explained by the slow melt aggrega-
tion (via the fractal tree mechanism of Hart, [1993]),
followed by rapid transit through the lithosphere. Identifi-
cation of the mechanics, and site of, the mantle/melt inter-
action are critical to evaluating the use of mantle mixing
schemes [e.g., Hart et al., 19921, to explain global isotopic
variations.

One serious problem with the model shown in Figure 11
is that it is not entirely consistent with major element data.
Variations in depth of melting should result in systematic
major element variations as a function of age. Although
each volcano on the island of Hawaii has distinct major
element chemistry [e.g. Frey and Rhodes, 1993], Mauna
Loa does not show temporal major element variations on
the time scale discussed here [Garcia et al., this volume].
Further evaluation must await consideration of a more
comprehensive major element data set.

Finally, the new data from Mauna Loa, and the general
convergence toward the isotopic characteristics of Loihi
seamount for the oldest Hawaiian shield tholeiites (see
Figure 10), support the hypothesis that Loihi seamount
represents the present day expression of the plume center.
The hypothesis that Mauna Loa has been removed from the
hotspot within the last 10 ka would require the radius of
the plume to be less than 40 kilometers (the distance be-
tween Mauna Loa and Loihi). This is consistent with the
simple calculation of plume radius from the shield building
time of 500 ka, combined with plate motion of 10 cm/year,
which yields 50 Km. Although the reason for the Loa and
Kea trends remains enigmatic, the Mauna Loa data suggest
that isotopes can be used to distinguish them (particularly
Sr and He) and that these geochemical differences relate to
the end of shield building.

5. CONCLUSIONS

1. The new He, Sr, Nd, and Pb isotopic data for the
submarine SWR reported here extend the known range of
isotopic values for Mauna Loa, particularly for Pb isotopes.
The fact that these data continue the temporal trends found
for subaerial (stratigraphically placed and 14C dated) lava
flows, strongly suggests that the SWR lava flows are older
than the Kahuku and Ninole basalts. The coherence of the
isotopic data also demonstrates that helium is removed

from the mantle by melting processes rather than metaso-
matic processes or vapor transfer, and is not affected by
magma chamber contamination processes.

2. He, Sr, and Nd isotopic compositions in the subma-
rine SWR lavas are similar to the Kahuku and Ninole Ba-
salts, but Pb is significantly more radiogenic, suggesting
that the Pb isotopic signature of the mantle plume de-
creased significantly earlier. The new data from the SWR
lavas, combined with existing isotopic data from subaerial
Mauna Loa, suggest that the order of removal of the plume
isotopic signature is Pb (>100 ka), He (-14 ka), Sr (9 ka),
and Nd (8 ka), which may relate to the order of sili-
cate/melt partitioning and to concentration differences in
the different mantle sources. Zr/Nb and Sr/Nb, and frac-
tionation corrected Nb concentrations, correlate with the
isotopes, and also show significant variations on the 100 ka
time scale. The assignment of different timing for the dif-
ferent isotopes, particularly Sr, Nd, and He, must be
viewed as speculative due to the limitations of the data set,
but is a testable hypothesis, given the large number of
Mauna Loa lava flows of known age [Lockwood, this vol-
ume].

3. Superimposed on the 10 to 100 ka temporal varia-
tions, there are also important shorter term variations, as
demonstrated by the scatter within the submarine SWR
samples, and data from historical samples [Rhodes and
Hart, this volume]. The isotopic and trace element trends
are distinct for the historical lavas, suggesting that differ-
ent processes are responsible for the variability on the two
different time scales. The historical variations (e.g. Figure
8) may be related to melting effects, while the longer term
trend can be attributed to removal of the plume source
from Mauna Loa.

4. The temporal isotopic evolution of Mauna Loa sug-
gests that the Loa and Kea volcanoes can be distinguished
based on isotopes, particularly He, Sr, and Pb, but that the
differences are primarily found in the last stages of shield
building. The model suggested here (Figure 11) relates the
geochemical differences to a heterogeneous, zoned plume,
and the changing dynamics of melting within the plume at
the end of shield building (as it impinges on the litho-
sphere). The temporal isotopic evolution of Mauna Loa
also supports the hypothesis that Loihi seamount isotopic
compositions best represent the plume end member for
Hawaiian volcanoes.
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