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Abstract We use the results of elevated pressure melting
experiments to constrain the role of melt/mantle reaction
in the formation of tholeiitic magma from Kilauea vol-
cano, Hawaii. Trace element abundance data is com-
monly interpreted as evidence that Kilauea tholeiite is
produced by partial melting of garnet lherzolite. We ex-
perimentally determine the liquidus relations of a tightly
constrained estimate of primary tholeiite composition,
and ®nd that it is not in equilibrium on its liquidus with
a garnet lherzolite assemblage at any pressure. The
composition is, however, cosaturated on its liquidus with
olivine and orthopyroxene at 1.4 GPa and 1425 °C, from
which we infer that primary tholeiite is in equilibrium
with harzburgite at lithospheric depths beneath Kilauea.
These results are consistent with our observation that
tholeiite primary magmas have higher normative silica
contents than experimentally produced melts of garnet
lherzolite. A model is presented whereby primary tho-
leiite forms via a two-stage process. In the ®rst stage,
magmas are generated by melting of garnet lherzolite in
a mantle plume. In the second stage, the ascent and de-
compression of magmas causes them to react with ha-
rzburgite in the mantle by assimilating orthopyroxene
and crystallizing olivine. This reaction can produce typ-
ical tholeiite primary magmas from signi®cantly less si-
liceous garnet lherzolite melts, and is consistent with
the shift in liquidus boundaries that accompanies de-
compression of an ascending magma. We determine the
proportion of reactants by major element mass balance.
The ratio of mass assimilated to mass crystallized (Ma/
Mc) varies from 2.7 to 1.4, depending on the primary

magma composition. We use an AFC calculation to
model the e�ect of melt/harzburgite reaction on melt
rare earth and high ®eld strength element abundances,
and ®nd that reaction dilutes, but does not signi®cantly
fractionate, the abundances of these elements. Assuming
olivine and orthopyroxene have similar heats of fusion,
the Ma/Mc ratio indicates that reaction is endothermic.
The additional thermal energy is supplied by the melt,
which becomes superheated during adiabatic ascent and
can provide more thermal energy than required. Melt/
harzburgite reaction likely occurs over a range of depths,
and we infer a mean depth of 42 km from our experi-
mental results. This depth is well within the lithosphere
beneath Kilauea. Since geochemical evidence indicates
that melt/harzburgite reaction likely occurs in the top of
the Hawaiian plume, the plume must be able to thin
a signi®cant portion of the lithosphere.

Introduction

Tholeiitic basalt is the most abundant magma type
erupted at Kilauea volcano, Hawaii and comprises over
95% of other Hawaiian volcanoes (Clague and Dal-
rymple 1987). Understanding the origin of Kilauea tho-
leiite thus provides insight into the most frequent magma
forming events at the Hawaiian hotspot, and is an im-
portant step in understanding hotspot magma genera-
tion overall. Variation in the trace element abundances
of Kilauea tholeiite implies that tholeiite is produced by
low-degree partial melting of garnet lherzolite (e.g. Ho-
fmann et al. 1984; Budahn and Schmitt 1985). This result
is consistent with geophysical models of the Hawaiian
plume, which indicate that melting begins within the
garnet stability ®eld (Liu and Chase 1989, 1991; Watson
and McKenzie 1991). Experimental studies, however,
show that estimated primary and primitive tholeiites are
not in equilibrium with garnet lherzolite at any pressure,
but are in equilibrium with more refractory harzburgite
at lithospheric depths beneath Kilauea (Green and
Ringwood 1967; Green 1970; Eggins 1992a). Eggins
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(1992b) showed that magmas with trace element evidence
of a garnet lherzolite source and experimental or major
element evidence of equilibrium with harzburgite cannot
be produced solely by melting of an upwelling plume.
Eggins concluded that plume-derived garnet lherzolite
melts must equilibrate with harzburgite during ascent in
order to become tholeiite primary magmas, but did not
propose a mechanism by which equilibration could oc-
cur. Herein, we evaluate the role of melt/harzburgite
interaction in the petrogenesis of Kilauea tholeiite, and
develop a reaction mechanism within a conceptual
framework of melt/mantle reaction (Kelemen 1990;
Kelemen et al. 1990a). We calculate compositional,
thermal, and mass constraints on reaction using the re-
sults of an experimental melting study.

Experimental and analytical methods

Starting material

The starting material for the experiments (Table 1) is an estimate of
primary Kilauea tholeiite composition based on picritic glasses
submarine-erupted from Kilauea's eastern rift zone (Clague et al.
1991). These glasses contain up to 15.0 wt% MgO, and are the
most magnesian glasses found in Hawaii (Frey 1991). The glasses
have undergone only minor modi®cation since segregation from the
mantle. Clague et al. (1991) accounted for this modi®cation and
calculated the primary magma composition using linear regression.
This calculation was later re®ned by Clague et al. (1995), who
reported a minor error in their 1991 calculation, and calculated
both high- and low-FeO primary magma endmembers. Fortu-
nately, the 1991 primary magma composition is similar to the av-
erage 1995 composition (Table 1).

The picritic glasses are a better choice for estimating primary
tholeiite composition than the subaerial lavas generally used (re-
view in Eggins, 1992a). As glasses, these samples de®nitely repre-
sent liquid compositions. Equally magnesian subaerial lavas
typically have accumulated olivine phenocrysts, and are not rep-
resentative of liquids. Furthermore, the glasses are almost in Fe/Mg
exchange equilibrium with mantle olivine, which indicates that the
glass magmas escaped much of the shallow level processing that
a�ects subaerially erupted magmas. This processing involves crys-
tal fractionation, crystal entrainment, magma mixing and assimi-
lation. These processes strongly fractionate major element
concentrations, and add uncertainty to calculations of primary
magma composition. Estimates of tholeiite primary magma com-
position based on subaerial lavas that employ olivine addition or
regression techniques (e.g. Murata and Richter 1966; Maaloe 1979;
Eggins 1992a) have lower MgO and SiO2 and higher Al2O3, CaO
and TiO2 concentrations than the picritic glass based estimates.

A synthetic mix of the Clague et al. (1991) primary magma
estimate was prepared from high-purity elemental oxides and sili-
cates. The mix was ground in an agate mortar under ethyl alcohol
for 6 hours to ensure homogeneity. Five hundred milligrams of the
ground mix were pressed into a pellet using Elvanol as a binding
agent. The pellet was hung on 0.1-mm Pt wire and conditioned in a
1-atm gas mixing furnace at an oxygen fugacity corresponding to
the quartz-fayalite-magnetite bu�er at 1075 °C for 24 hours. The
resulting product was used as starting material for the experiments.

Experiments

Experiments were performed in 1.27-cm piston-cylinder apparatus,
similar to the design of Boyd and England (1960), using BaCO3 as

the pressure medium. For each experiment, 10 milligrams of con-
ditioned starting material were placed in a graphite crucible and
welded shut in a Pt outer capsule. The capsule was placed in an
alumina sleeve and positioned in the hotspot of a graphite heater
with MgO spacers. The heater assembly was loaded into a BaCO3

pressure cell, which was wrapped with Pb-foil and placed in the
pressure vessel. The piston-cylinder apparatus and sample assembly
were calibrated for pressure against the transition of anorthite-
gehlenite-corundum to Ca-Tschermak's pyroxene as determined by
Hays (1965). Temperature was monitored with W97Re3±W75Re25
thermocouples with no correction applied for pressure. The ther-
mal gradient near the hotspot was measured at 8 °C/mm. Sample
thickness is <1.3 mm, resulting in a thermal gradient of <10 °C
over its length. Experiments were pressurized at room temperature
to 1 GPa, then heated to 865 °C at 100 °C/minute. Experiments
were held at 1 GPa and 865 °C for 6 minutes, then pressurized to
run pressure and ®nally heated to run temperature at 50 °C/minute.
Experiments were quenched by shutting o� the power. Experiments
were performed over a pressure range of 1 to 2.2 GPa with a tem-
perature range to constrain the liquidus and subliquidus phase
boundaries (Table 2). Experiments above 1.5 GPa were decom-
pressed to 1.0 GPa immediately before quenching to prevent the
formation of quench crystals in the liquid regions of the charge
(Putirka et al. 1995).

Analytical methods

We analyzed the experimental products by electron microprobe at
the Massachusetts Institute of Technology on a JEOL 733 Super-
probe using wavelength-dispersive techniques. Data were reduced
using the correction scheme of Bence and Albee (1968) with the
modi®cations of Albee and Ray (1970). Crystalline phases in the
experiments were analyzed at 15- kV accelerating potential, 10-nA
beam current and a spot size on the order of 2 lm. Spot size was
increased to 10 lm for glass analyses in order to minimize di�usion
of alkali elements away from the region of interest during the
analysis. All observed primary phases were analyzed (Table 3).
A materials balance calculation was used to estimate the phase
proportions (Table 2) and to determine if Fe loss occurred during
the experiment. The silicate charge can lose Fe if fractures form in
the graphite crucibles and allow the liquid phase to contact the Pt
outer capsule. Experiments where the materials balance calculation
showed FeO loss of >1% relative were discarded.

Experimental results

Olivine (ol) is the liquidus phase up to �1.4 GPa
(Fig. 1), and low-Ca pyroxene (opx) is on the liquidus at
higher pressures. The liquidus is thus cosaturated with
the phases present in harzburgite at �1.4 GPa and
�1425 °C. Below 1.4 GPa, ol crystallization is followed
down temperature by opx crystallization. Between
1.4 and 2 GPa, opx crystallization is followed down
temperature by ol crystallization, and then by sub-calcic
augite (cpx) crystallization. At 1.5 GPa, ol and opx co-
crystallize over �75° of cooling. The appearance of cpx
at 1.5 GPa, 1350 °C coincides with the disappearance of
ol, which is only found as minor inclusions in opx. A
similar crystallization sequence also occurs at 2 GPa,
though ol crystallization occurs over a smaller temper-
ature range. The experiment at 2 GPa and 1400 °C has
opx, cpx and trace amounts of olivine phenocrysts.
Higher temperature 2 GPa experiments only contain
opx crystals, and lower temperature experiments only
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contain opx and cpx. These results indicate that the ol
crystallization ®eld pinches out with increasing pressure,
and that above 2 GPa, opx crystallization will likely lead
directly to cpx crystallization.

Crystallization along the ol-opx cotectics drives the
liquid composition toward the Diopside and Plagioclase
apices of the projections (Fig. 2). At 1 GPa, crystalli-
zation along this boundary is within the tetrahedron,
and saturation with cpx will likely occur within the
projection tetrahedron. At higher pressures, the ol-opx
cotectic shifts toward the Olivine-Diopside-Plagioclase
plane due to the increasing proportion of opx in the
crystallizing assemblage. At 1.5 GPa, ol-opx crystalli-
zation drives the liquid across the Olivine-Diopside-
Plagioclase plane, analogous to crossing the critical
plane of silica undersaturation of Yoder and Tilley
(1962), and cpx saturation likely occurs at negative
Quartz values. As pressure increases, the inferred ol-
opx-cpx saturation boundary also moves to increasingly
higher Olivine values.

Discussion

The contradiction in the inferred mineralogy
of the Kilauea magma source

The mineralogy of the Kilauea magma source has
principally been inferred from geochemical studies of the
rare earth element (REE) abundances of tholeiitic
eruptives, and also from experimental studies of the
primary magmas that produced these eruptives. Inver-
sion modeling of REE abundance data has shown that
Kilauea tholeiites (Budahn and Schmitt 1985), and Ha-
waiian tholeiites in general (Frey and Roden 1987),
formed in equilibrium with garnet and clinopyroxene.
Other, more direct evidence for residual garnet is the
lack of variation in garnet-compatible element abun-
dances, with concomitant variation in incompatible el-
ements, displayed by cogenetic, tholeiitic lavas from
Kilauea (Hofmann et al. 1984). Similar chemical varia-
tion was observed in the picritic Kilauea glasses used to

Table 1 Experimental starting composition and Kilauea tholeiite primary magma estimates (`±' indicates concentration not reported)

Composition MgO Al2O3 SiO2 CaO TiO2 Cr2O3 MnO FeO P2O5 Na2O K2O NiO

Estimate based on high-MgO glasses, Clague et al. (1991)
Experimental starting
composition 17.2 10.3 48.8 8.25 1.77 ± 0.17 11.6 0.16 1.52 0.27 ±

Revised estimates based on high-MgO glasses, Clague et al. (1995)
High-FeO 18.4 9.83 47.9 7.77 1.66 ± ± 12.5 0.17 1.43 0.26 ±
Low-FeO 13.4 12.3 51.0 9.72 2.08 ± ± 9.13 0.21 1.86 0.33 ±
Average 16.5 10.7 49.0 8.55 1.90 ± ± 11.2 0.18 1.66 0.30 ±

Estimate based on Kilauea Iki lavas, Eggins (1992a)
Kilauea Iki parent 16.0 10.5 47.8 9.26 2.09 0.13 0.15 11.6 0.20 1.79 0.43 0.10

Table 2 Experimental run conditions and products. (Phase abbreviations: ol olivine, opx low-Ca pyroxene, cpx sub-calcic augite, `±' phase
proportions not reported because quench growth in glass prevented quantitative analysis)

Run# Pressure
(Gpa)

Temperature
(°C)

Duration
(min)

Phases present Proportions Sr2

55 1.00 1450 20 Glass 100 ±
56 1.00 1400 40 Glass+ol 93:7 0.2
57 1.00 1350 40 Glass+ol+opx 70:12:18 0.06
38 1.23 1420 270 Glass+ol 98:2 0.2
58 1.50 1480 18 Glass 100 ±
59 1.50 1430 38 Glass+opx 96:4 1
61 1.50 1400 16 Glass+ol+opx ± ±
60 1.50 1360 38 Glass+ol+opx 57:4:39 4
62 1.50 1350 40 Glass+opx

(w/ol inclusions)+cpx
± ±

34 1.66 1420 720 Glass+opx 77:23 0.2
37 1.71 1450 270 Glass+opx 97:3 0.2
13 1.78 1360 1380 Glass+opx+cpx 44:22:34 0.09
63 2.03 1500 16 Glass+opx 100:trace ±
64 1.98 1450 32 Glass+opx ± ±
65 2.00 1400 126 Glass+ol

(trace)+opx+cpx
± ±

11 2.03 1390 1620 Glass+opx+cpx 63:19:18 0.2
9 1.95 1360 3060 Glass+opx+cpx 35:12:53 0.03

147 2.20 1433 276 Glass+opx 93:7 0.1
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estimate our experimental starting composition (Wagner
et al., this issue). The REE abundance data are not
sensitive to the presence of olivine and orthopyroxene in
the source, but it is assumed that these phases are also
present since they are the most refractory phases during
lherzolite melting (e.g., Takahashi 1986).

Experimental melting studies, however, show that
estimated primary and primitive tholeiites are not in
equilibrium with garnet lherzolite on their liquidi at any
pressure. Experimental results are often interpreted un-
der the assumption that a primary magma will show
cosaturation on its liquidus with the phases present in its
residuum at the pressure at which it formed (BVSP
1981). There are good reasons to question the validity of
this assumption, as we discuss below. Accepting it for
the moment, however, the liquidus relations of primary
tholeiites imply that these magmas formed in equilibri-

um only with olivine and orthopyroxene (harzburgite),
a much more refractory source than garnet lherzolite.
Our starting composition crystallizes olivine on its liq-
uidus to �1.4 GPa, where the liquidus crystallizing
phase switches to opx (Fig. 1). Liquidus cosaturation
with harzburgite thus occurs at 1.4 GPa. It is important
to note that olivine does not crystallize on the liquidus
above 1.4 GPa, and disappears as a sub-liquidus phase
above 2 GPa (Fig. 1). This pinching out of the olivine
®eld indicates that liquidus cosaturation with lherzolite
cannot occur at higher pressures. This conclusion is
further supported by the work of Eggins (1992a), on a
primary magma estimate based on a Kilauea Iki shield
lava. Eggins found that this composition crystallized
olivine on its liquidus to �2 GPa, where the liquidus
crystallizing phase switched to opx. Clinopyroxene and
garnet alternately occurred as liquidus saturating phases
at higher pressures, but as in our study, olivine was not a
stable liquidus or subliquidus phase, and lherzolite sat-
uration did not occur at any pressure. The higher pres-
sure of harzburgite saturation in the Eggins study was
likely due to the lower SiO2 content of the starting
composition.

Possible causes of the contradiction

Why, then, do tholeiite primary magma estimates fail to
reach cosaturation on their liquidi with phases present in
garnet lherzolite? A possible explanation is the lack of
dissolved H2O in the experiments. The addition of H2O
to basalt-peridotite systems expands the olivine phase
volume to higher pressures (Kushiro 1972), and also
expands the clinopyroxene and garnet phase volumes to
lower pressures (Gaetani and Grove 1993, 1994). The
silicate liquid in their experiments, however, contained
>6 wt% H2O, while the high-MgO glasses show that
primary tholeiite contains �0.35 wt% H2O (Clague et al.
1991). Consequently, the incorporation of appropriate
amounts of H2O into our experimental study will likely
result in a slight increase in the pressure of liquidus co-
saturation with olivine-opx, but will not result in liq-
uidus cosaturation with garnet lherzolite.

Another possibility is that the assumption that the
liquidus will be cosaturated with the phases present in
the residuum is invalid for magmas generated at Ki-
lauea. If magmas are produced by near-fractional
melting, melts are likely produced over a range of depths
and continuously extracted in small increments, similar
to the production of mid-ocean ridge basalt (e.g.,
McKenzie and Bickle 1988). If Kilauea primary magmas
are aggregates of these polybaric melts, their liquidus
relations will depend on the variation in melt composi-
tion over the depth range of melting. If melt composition
varies along a curved trajectory in compositional space,
aggregated melts would not be expected to show multi-
ple saturation with all phases present in the residuum
(Klein and Langmuir 1987). The available experimental
data on the composition of garnet lherzolite melts show

Fig. 1 Pressure-temperature diagram showing the experimental run
products and phase boundaries. Dashed boundaries are inferred.
Highest temperature experiment at 2.0 Gpa contains trace amounts of
orthopyroxene crystals and is assumed to be near-liquidus

Fig. 2 Ternary projection of experimental liquids and phase bound-
aries in mineral normative units using the equations of Grove (1993).
The 1.0 and 1.8 GPa three-phase saturation boundaries are estimated.
At 1.5 and 2.0 GPa, three-phase saturation was achieved within 10 °C
of the two-phase saturated experiments plotted (see Table 2)
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considerable variability (Fig. 3), though there is some
indication that melt composition does form a curved
trajectory. The geometric predictions of O'Hara (1968)
and the experiments of Walter and Presnall (1994) sug-
gest that melts of garnet lherzolite are nepheline nor-
mative at low pressures, but decrease in their normative
nepheline contents and eventually cross the Olivine-
Diopside-Plagioclase planet at higher pressures. If low-
er-pressure, higher-degree melts of garnet lherzolite are
near this plane, like the 3 GPa experiment of Takahashi
(1986), the composition of melts produced by near-
fractional decompression melting of a mantle plume
could form a curved trajectory convex relative to the
Quartz apex (shown schematically as the solid arrow in
Fig. 3a). An aggregate of melts along this curve would
not be similar in composition to any melt at a single
pressure, and the aggregate would not show cosatura-
tion on its liquidus with the phases present in garnet
lherzolite. The aggregated melt would, in fact, only be
liquidus cosaturated with olivine and opx, similar to the
results of our experiments.

However, even if the boundary is strongly curved, the
aggregation process can only play a secondary role in
generating tholeiite liquidus signatures. Inspection of
Fig. 3 shows that tholeiite primary magmas have greater
Quartz contents than all reported garnet lherzolite melt
compositions at pressures up to 4.3 GPa, the pressure at
which melting begins in the Hawaiian plume according
to geophysical models of the Hawaiian swell (Liu and
Chase 1989, 1991). Aggregation of any of these melts or
even the higher-pressure melts with positive Quartz
contents cannot produce the primary magmas. This
di�erence in Quartz content will only increase when the
composition of more appropriate, lower-degree melts
are determined. The melts plotted in Fig. 3 represent
melt fractions of >15%, while geochemical evidence
indicates that Hawaiian tholeiites form at melt fractions
of <6.5% (e.g., Sims et al. 1995). Lower-degree melts
would likely plot further away from the Quartz apex
than those depicted, increasing the di�erence between

the Quartz contents of the melts and the estimated pri-
mary magmas.

We conclude that the estimated primary magmas for
Kilauea tholeiite are too rich in normative Quartz to be
batch melts or aggregates of polybaric melts of garnet
lherzolite, and infer that some process besides melting
takes place during tholeiite formation. This process must
enrich the melt in normative Quartz, and cause it to
display liquidus cosaturation with harzburgite at pres-
sures corresponding to lithospheric depths beneath Ki-
lauea. We propose that these constraints are consistent
with the reaction of garnet lherzolite melts with ha-
rzburgite prior to segregation from the mantle.

Resolution of contradiction: melt/harzburgite reaction

Ascent and decompression of a mantle melt leads to
changes in the melt's liquidus boundaries. Decompres-
sion causes the olivine phase volume to expand (Fig. 2),
and results in the melt being nearest saturation with
olivine and undersaturated with pyroxene. The melt will
also become superheated due to the lowering of its liq-
uidus temperature. If the ascending melt came into
contact with harzburgite, the melt would react with it by
dissolving orthopyroxene. The energy required for dis-
solution would be supplied by the crystallization of
olivine (Kelemen 1990) and the superheat of the melt.

Fig. 3a,b Ternary projections of experimentally determined liquids in
equilibrium with garnet lherzolite and proposed Kilauea tholeiite
primary magma estimates. Mineral normative units as in Fig. 2.
Labels in Letter-# format correspond to the ®rst initial of the author's
name and the pressure of the experiment in GPa. [C Canil (1992), K
Kinzler (1995), T Takahashi (1986),W Walter (1997),Wei Wei et al.
(1990)]. Open circles show compositions of aggregated melts discussed
in text. Solid arrow in a schematically illustrates the variation in
composition of garnet lherzolite melts as a function of pressure.
Dashed arrows schematically show the reaction path for garnet
lherzolite melts to become tholeiite primary magma. Arrow a shows
the e�ect of opx assimilation. Arrow b shows the e�ect of olivine
crystallization. Primary magma compositions from Table 1
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Field observations of a similar reaction process have
been made in the Trinity Peridotite, where dunite is
formed at melt pathways surrounded by progressively
less depleted peridotites (Quick 1981; Kelemen et al.
1992). Experimental studies of melt-harzburgite inter-
action by Fisk (1986) and Kelemen et al. (1990a) have
shown that the SiO2 content of the melt increases due to
reaction. This result is consistent with the higher nor-
mative Quartz contents of tholeiite primary magma es-
timates relative to garnet lherzolite melts (Fig. 3).

The dashed arrows in Fig. 3a,b schematically illus-
trate how melt/harzburgite reaction could produce Ki-
lauea tholeiite primary magmas from garnet lherzolite
melts. For simplicity, the path has been broken into two
component vectors. Starting from an average garnet
lherzolite melt, the ®rst component is the assimilation of
orthopyroxene which drives the melt composition to-
wards Opx (Arrow a in Fig. 3a,b). The second compo-
nent is olivine crystallization which drives liquid
composition away from the Olivine apex (Arrow b in
Fig. 3a,b). The Clague et al. (1991, 1995) and Eggins
(1992a) estimated primary tholeiites can all be produced
by this reaction.

Compositional constraints on reaction

Major elements

Proportions of reactants.We determined the proportions
of reactants by mass balancing orthopyroxene, olivine
and polybaric aggregated melts of garnet lherzolite
against tholeiite primary magma estimates (Table 4).
Orthopyroxene composition is from experiment 37
(Table 3), which is near the temperature and pressure of
liquidus cosaturation with olivine and orthopyroxene.
Olivine composition is Fo90.7. Olivine microphenocrysts
of this composition were found in the picritic glass
grains, and the Clague et al. (1991) primary magma es-
timate is in Fe/Mg exchange equilibrium with this oli-
vine. Garnet lherzolite melt composition is di�cult to
constrain. Initial models, not reported, used melt com-

positions from a single experiment, analogous to a batch
melting model, and resulted in poor ®ts to the data.
Subsequent models used aggregated polybaric melts
calculated from averages of the experimental melts
(Table 4, plotted as open circles in Fig. 3). High-FeO
aggregated liquid is an average of the garnet lherzolite
melts with the highest-FeO contents: Kinzler 2.1 GPa
(Kinzler 1995), Canil 4.5 GPa (Canil 1992) and Walter
5.0 GPa (Walter 1997) (Fig. 3). Low-FeO aggregated
liquid was produced by averaging predominantly lower-
pressure and lower-FeO melts: Walter 2.8, 3.0 and 4.0
GPa (Walter 1997) and Kinzler 2.1 GPa (Kinzler 1995).

Mass balance was performed by multiple linear re-
gression (Table 4). In all cases, we ®nd that the reaction
requires the crystallization of olivine and the assimilation
of orthopyroxene, consistent with the phase relations.
The MgO, Al2O3 and SiO2 concentrations of the model
liquids are remarkably similar to those of the primary
magma estimates. The modeled Na2O and FeO concen-
trations are lower than those of the primary magma es-
timates. The mass balance of Na2O and FeO would likely
be improved if more appropriate, lower-degree melts
were available because these elements behave incom-
patibly in the garnet stability ®eld (Walter 1997), the
opposite of the behavior of FeO in the spinel stability
®eld (Kinzler and Grove 1993; Baker and Stolper 1995).
The CaO contents of the modeled liquids are higher than
those of the primary magma estimates. In the spinel
stability ®eld, CaO behaves like a compatible element
(Kinzler and Grove 1992), and if CaO also behaves
compatibly in the garnet stability ®eld, the use of lower-
degree melts will improve the CaO mass balance. The
CaO contents of experimentally produced melts of garnet
lherzolite are too heterogeneous to constrain its behav-
ior, but CaO concentration is correlated with incom-
patible element abundances in the picritic glasses
(Wagner et al., this issue) and Kilauea and Mauna Loa
lavas (Frey and Rhodes 1993). This correlation suggests
that CaO behaves incompatibly in the garnet stability
®eld, in which case the use of lower-degree melts will not
improve the mass balances for CaO. Constraints on the
behaviour of CaO await more experimental data.

Table 4 Reaction models. AModel used low-FeO aggregated liquid; BModel used high-FeO aggregated liquid (Lq liquid, Oliv olivine)

Primary magma estimate MgO Al2O3 SiO2 CaO FeO Na2O Lq Oliv Opx Sr2

Primary magma estimates and models Proportions*a

Clague et al. (1995), low-FeO 13.8 12.6 52.4 9.98 9.33 1.91
ModelA 13.8 12.1 52.4 10.7 9.1 1.3 85.85 )30.64 44.29 1.2
Clague et al. (1995), high-FeO 18.8 10.0 49.0 7.94 12.7 1.46
ModelB 19.1 9.4 49.0 10.0 10.6 1.1 83.45 )9.12 24.79 9.2
Eggins (1992a) 16.5 10.9 49.3 9.55 12.0 1.85
ModelB 16.7 10.3 49.3 10.9 10.8 1.2 92.33 )16.65 23.54 4.1

Reactants
Low-FeO aggregated liquid 17.0 13.2 46.5 11.8 10.0 1.49
High-FeO aggregated liquid 18.7 10.7 46.4 11.5 11.5 1.26
Olivine Clague et al. (1991) 49.3 0.00 41.5 0.22 9.03 0.00
Orthopyroxene This study, exp 37 32.4 1.77 56.9 1.53 7.31 0.08

a Proportions determined by multiple linear regression of aggregated liquid, olivine and orthopyroxene against primary magma estimate
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Maintaining compositional heterogeneity during reaction.
The variation in FeO content of the primary magma
estimates of Clague et al. (1995) indicates that these
magmas are likely generated at di�erent mean extents of
melting or at di�erent mean depths (Langmuir et al.
1992; Kinzler and Grove 1992, 1993). This composi-
tional variation would be lost if ascending melts came to
chemical equilibrium with the surrounding rock during
reaction, and the preservation of this signal indicates
that melt/rock chemical equilibrium is not achieved.
Assimilation without chemical equilibration may be
consistent with kinetic constraints. Dissolution rate is
only limited by the rate of di�usion in the liquid (Zhang
et al. 1989), while chemical equilibrium is rate limited by
solid-state di�usion within the surrounding rock. Since
solid-state di�usion will be much slower than liquid
di�usion, chemical equilibrium will occur at a slower
rate than assimilation, and melt compositional variation
could be preserved during melt/rock reaction.

Trace elements

The lack of melt/rock chemical equilibrium allows the
e�ect of reaction on melt trace element abundances to be
calculated using a simple model of assimilation and
fractional crystallization (AFC). We used the AFC
equations of DePaolo (1981) to calculate the e�ect of
reaction on the melt's abundances of the high ®eld
strength elements (HFSE) Ti and Zr and selected REE
(Table 5). Orthopyroxene assimilation can create posi-
tive anomalies in the melt's HFSE abundances and de-
crease its LREE/HREE ratio because orthopyroxene
has higher distribution coe�cients for the HFSEs and

HREEs relative to adjacent REEs in MORB-based
compatibility order (Table 5, Sun and McDonough
1989; Kelemen et al. 1990b). The assimilant for the
calculation is an orthopyroxene of constant composi-
tion, produced by 20% melting of garnet lherzolite
(Table 5). The reacting melt is one of the picritic glasses
used in estimation of the experimental starting compo-
sition (57-13, Wagner et al., this issue). Technically this
glass composition is an inappropriate choice for a re-
acting melt, since we propose that the glasses come from
primary magmas that have already undergone reaction
with harzburgite. However, the choice of initial melt
composition does not signi®cantly a�ect the calculation,
since all studied trace element abundances are simply
diluted by reaction, with little relative fractionation
(Table 5).

No signi®cant anomalies in HFSE abundances were
produced by either the low- or high-FeO reaction. Zir-
conium was diluted 0.2 to 0.4% less than the adjacent
REE, and Ti showed similar insigni®cant fractionation.
The initial melt has a Ti/Ti* = 1.16, where Ti/
Ti* = 3Ti/(Eu+2Dy), and there was no signi®cant
change in this value for liquids produced by either re-
action. Reaction did cause a minor change in the overall
slope of the REE pattern. The La/Yb ratio of the initial
melt is 3.36, and this decreased by 3% for the low-FeO
reaction and 1.8% for the high-FeO reaction. Though
the slope change is relatively minor, the di�erence in
post-reaction Yb abundances is potentially signi®cant
since Hawaiian eruptives are known to show very little
overall variation in Yb abundance. The melt reactions
required to produce the high- and low-FeO primary
magmas (Table 4) have ratios of mass-assimilated/mass-
crystallized that di�er by a factor of 2. This variation

Table 5 E�ect of melt/harzburgite reaction on melt trace ele-
ment abundances. Assimilant orthopyroxene composition pro-
duced by 20% melting of garnet lherzolite, assuming a slightly
depleted, chondritic relative source, the melt reaction of Kinzler
(1992), and the Ds of Kelemen et al. (1990b) and Hauri et al.
(1994a). F was calculated as the proportion of ®nal liquid

(Table 4), normalized to the amount of initial liquid. Ma/Mc
was calculated from the proportions of reactants (Table 4),
normalized to the amount of initial liquid. Calculations are not
reported for the reaction to produce the Eggins primary magma
estimate because it has a similar Ma/Mc to the low FeO re-
action

Element Distribution coe�cientsb Assimilant
Orthopyroxene

Initial melt
Conc./Clc

Liquid after reaction

Olivine Orthopyroxene Low-FeOc Dd High-FeOc Dd

La 7.00E)06 0.0025 2.57E)10 34.23 29.50 13.8% 29.00 15.3%
Ce 1.00E)05 0.005 3.04E)06 34.23 29.50 13.8% 29.00 15.3%
Nd 7.00E)05 0.01 7.38E)03 29.60 25.52 13.8% 25.09 15.2%
Zr 0.007 0.07 0.34 24.98 21.64 13.4% 21.23 15.0%
Sm 0.0007 0.02 0.10 24.05 20.77 13.6% 20.40 15.2%
Eu 0.001 0.03 0.20 24.05 20.82 13.4% 20.43 15.1%
Ti 0.015 0.15 0.60 22.20 19.32 13.0% 18.93 14.7%
Dy 0.004 0.05 0.38 16.65 14.52 12.8% 14.20 14.7%
Er 0.009 0.07 0.52 14.80 12.97 12.4% 12.66 14.5%
Yb 0.023 0.11 0.73 10.18 9.05 11.1% 8.78 13.7%

Ti/Tia 1.86 1.16 1.16 )0.1% 1.16 )0.2%
La/Yb 3.54E)10 3.36 3.26 3.0% 3.30 1.8%

aCalculated as 3Ti/(Eu + 2 Dy)
bKelemen et al. (1990b)
c Concentration normalized to C1-chondrite of Anders and Grevesse (1989)
dD is the percentage change in trace element abundance from Initial melt to Liquid after reaction
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produces a 3% di�erence in post-reaction abundance of
Yb. This di�erence could impart �1.5% variation in
overall Yb abundance, which is well within the �3%
variation reported by A. W. Hofmann for fractionation
corrected Hawaiian eruptives.

Thermal energy constraints on reaction

The mass balance calculations (Table 4) show that more
orthopyroxene is assimilated than olivine crystallized.
Assuming olivine and orthopyroxene have similar latent
heats of fusion, an additional source of heat is required
to complete the reactions. This excess heat could be in
the form of superheat of the ascending melt, the amount
of which can be calculated using the mantle solidus and
the depth and temperature of melt/rock reaction. The
solid line in Fig. 4 shows the solidus for fertile garnet
lherzolite from McKenzie and Bickle (1988). Geophysi-
cal models of the Hawaiian swell (Liu and Chase 1989,
1991) show that the plume temperature exceeds this
solidus and begins to melt at �130 km depth (4.3 GPa).
Assuming that melting ends by 2.5 GPa, the stability
limit of garnet lherzolite, the plume undergoes 1.8 GPa
of decompression melting. Kinzler and Grove (1992)
show that 1.8 GPa of decompression melting in the
spinel stability ®eld results in a 35 °C increase in the
solidus, and we assume a similar temperature increase in
the garnet stability ®eld. We calculate that plume melts
segregating at an average depth of 3.4 GPa would have a
mean temperature of 1571 °C.

The depth and temperature at which melt/harzburgite
reaction occurs can be approximated from our experi-
mental results, which show cosaturation on the liquidus
with harzburgite at 1.4 GPa and 1425 °C (Fig. 1). This
cosaturation point may not re¯ect the actual conditions
of reaction, since the melt may not achieve equilibrium
with the harzburgite under natural conditions. In this
case, the pressure of liquidus cosaturation from the ex-
periments would be greater than the pressure at which
reaction actually occurs. Furthermore, if the melt also
reacts with harzburgite over a range of depths, experi-
ments on that melt would show liquidus cosaturation
with harzburgite at a higher pressure than the mean
pressure at which reaction occurred. In any case, the
liquidus cosaturation point from the experiments still
provides a best estimate of the mean conditions of re-
action. During adiabatic ascent from 3.4 to 1.4 GPa, the
melt would cool from 1571 to 1553 °C, assuming adia-
batic ascent cools silicate liquid at 9 °C/GPa. The as-
cended melt would be 128 °C above the liquidus
cosaturation point temperature of 1425 °C (Fig. 4).
Using this temperature di�erence and the proportions of
reactants (Table 4), we determined the thermal energy
budget of the low- and high-FeO reactions (Table 6).
Superheat of the melt alone is greater than the amount
of heat required for orthopyroxene assimilation for the
high-FeO reaction, and provides more than 75% of the
heat required for the low-FeO reaction. There is more
than enough heat to complete both reactions when su-
perheat is combined with the latent heat from olivine
crystallization.

Where does melt/harzburgite reaction occur?

If magmatism at Kilauea volcano is caused by decom-
pression melting of an upwelling asthenospheric plume,
melt/harzburgite reaction could and likely does occur in
the top of the plume (Fig. 5a). Ribe and Smooke (1987)
suggested that when the plume impinges the lithosphere,
melts decouple from the laterally advecting plume solids
and continue to ascend vertically. Building on this
concept, Eggins (1992b) proposed that garnet lherzolite
melts from a large volume of plume material are thus
focused through a harzburgite-bearing region in the
plume top. The plume top contains harzburgite because
the central portion of the plume undergoes more vertical
ascent, and hence more melting, than the plume pe-
riphery (Fig. 5a). Eggins contended that melts maintain
chemical equilibrium with surrounding solids because
they segregate by porous ¯ow, and since the melts last

Fig. 4 Mantle solidus beneath Kilauea showing e�ects of melting and
adiabatic ascent on melt temperature. Solidus after McKenzie and
Bickle (1988)

Table 6 Thermal energy bud-
get of reactions. Calculated
using proportions of reactants
from Table 4 and: Cp of
melt = 0.3-cal/(°C*g); DHf of
opx and olivine = 100-cal/
gram; DT = 128 °C

Reaction Heat available (cal) Heat required (cal) Balance

Superheat
of liquid

Olivine
crystallization

Orthopyroxene
assimilation

Low-FeO +3291 +3069 )4432 +1928
High-FeO +3210 +911 )2463 +1658
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equilibrate with harzburgite, they show a harzburgite
signature in experimental studies.

We concur with the general principles of Eggins'
model, but add to and modify it as follows. First, we
propose that the ascending melts move toward chemical
equilibrium with the surrounding rock by melt/rock re-

action. Second, we note that ascending melts do not
maintain complete chemical equilibrium with the rock
through which they ascend, or else the compositional
variation observed in primary tholeiite (e.g., Clague et al.
1995) would be lost. Last, we propose that melt/rock
reaction is kinetically favored to occur in the plume top,
where harzburgite is present, as opposed to deeper parts
of the plume, where less refractory materials are present.
This e�ect occurs because reaction rate is limited by the
dissolution rate of orthopyroxene, which is a function of
the degree of undersaturation of the melt for orthopy-
roxene (Brearley and Scarfe 1986). During ascent and
decompression, the liquidus boundaries of the melt will
shift such that the melt will increasingly be undersatu-
rated with respect to orthopyroxene. Hence the rate of
melt/rock reaction will be fastest in the plume top, where
the plume is composed of harzburgite.

For melt/harzburgite reaction to occur in the plume
top, the plume must erode or thin a signi®cant amount
of lithosphere. Our experimental results indicate that
reaction occurs at a mean depth of 42 km, 48 km into
the estimated 90-km thick lithosphere beneath Kilauea
(Detrick and Crough 1978). It is not known if such
thinning is feasible. Olsen et al. (1988) conclude that
signi®cant thinning is not likely based on laboratory
experiments. On the other hand, Yuen and Fleitout
(1985) and Fleitout et al. (1986) use computer simula-
tions to show that very rapid thinning will occur when
secondary convection occurs in the plume top. However,
similar studies by Rabinowicz et al. (1990) suggest that
secondary convection does not occur.

If, in fact, the plume cannot thin the lithosphere,
melt/harzburgite reaction must occur in the lithosphere
(Fig. 5b). The lithosphere could contain the requisite
amount of orthopyroxene to produce a typically sized
Hawaiian shield (Fig. 5b), and the excess thermal energy

Fig. 5a,b. Formation of Kilauea tholeiite by plume melting and melt/
rock reaction, approximately to vertical scale. (Solid arrows melt,
dashed arrows plume solids, blank ®elds zones of harzburgite where
melt rock reaction occurs). Plume is drawn asymmetrically to account
for left lateral plate motion. a The plume is able to thin the
lithosphere. Melts are generated deep in the plume and react with
harzburgite in the plume top, similar to Eggins (1992b). The central
area of plume undergoes more ascent than the plume periphery, and
becomes harzburgite. Assuming 1% melting per 0.1 GPa of
decompression (Ahern and Turcotte 1979), decompression melting
over a depth range of 130 to 70 km would result in approximately
20% melting of the source. All of the garnet and clinopyroxene in the
central area of the plume would thus be consumed, leaving a
harzburgite residuum. As the periphery of the plume advects laterally,
garnet lherzolite melts continue to ascend vertically and pass through
the harzburgite zone (Eggins 1992b; Ribe and Smooke 1987). Melt/
rock reaction occurs in the harzburgite at a mean depth of <42 km
(see discussion under ``Thermal constraints''). Since the lithosphere
beneath Kilauea is estimated to be 90-km thick (Detrick and Crough
1978), this model requires the plume to thin more than 48 km of
lithosphere. b The plume cannot thin the lithosphere. Melts are
generated in the plume and react with harzburgite as they ascend
through the lithosphere. Reaction occurs over a depth range of 90 km
to a mean depth of <42 km. The reaction zone must contain 22±
44 wt% orthopyroxene, based on density constraints, assuming the
production of 25,000±50,000 km3 of magmas (Frey and Roden 1987)
by the average reaction of Table 4. The size of the melt/rock reaction
zone was approximated as a cylinder. Cylinder radius is 15 km,
corresponding to half of the distance between Kilauea and Mauna
Loa, assuming these volcanoes have distinct sources (Frey and
Rhodes 1993). Cylinder height is 48 km, corresponding to the vertical
distance between the depth/pressure of liquidus cosaturation with
olivine-opx from the experiments (42 km, Fig. 1) and the estimated
thickness of the lithosphere (90 km)
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from melt superheat (Table 6) could be used thermally
to equilibrate the assimilated orthopyroxene in the
colder lithosphere. However, studies of Hawaiian lavas
and xenoliths do not support melt/harzburgite reaction
occurring in the lithosphere during shield tholeiite for-
mation. First, lithospheric xenoliths found in Hawaii are
predominantly spinel lherzolite (Sen 1988), not ha-
rzburgite or dunite as would be expected if reaction
occurred in the lithosphere. Second, trace element and
isotopic studies of these xenoliths generally do not
indicate interaction with shield tholeiite magmas (Sen
et al. 1993; Okano and Tatsumoto 1996). Third, radio-
genic isotope ratios of Kilauea and other Hawaiian
shield tholeiites do not support interaction between
these magmas and a depleted, mid-ocean ridge basalt
(MORB) source, as would be present in lithospheric
mantle. West et al. (1987) show that Hawaiian tholeiites
do not trend toward the Paci®c-MORB source in terms
of Sr, Nd or Pb isotopes, and Hauri et al. (1994b,c) show
that the Os isotopic ratios of Kilauea tholeiites are
substantially higher than those of the MORB source.

We conclude that if Hawaiian magmas are produced
by decompression melting of an upwelling plume, melt/
harzburgite reaction most likely occurs in the plume top
and not the lithosphere. Therefore, the plume must be
able to thin the lithosphere, possibly by the secondary
convection mechanisms proposed by Yuen and Fleitout
(1985).

Concluding remarks

We have shown that melt/rock reaction is consistent
with phase equilibria, major element, trace element, and
thermal constraints on the formation of Kilauea tho-
leiite. We conclude that melt/rock reaction plays a sig-
ni®cant role in the formation of Kilauea tholeiite, and
infer that tholeiite forms in a two-stage process. In stage
one, melts are generated by decompression melting of
garnet lherzolite in a mantle plume. The melts are much
poorer in normative silica than tholeiite primary mag-
mas. In stage two, these melts ascend and begin melt/
rock reaction with harzburgite by assimilating ortho-
pyroxene and crystallizing olivine. This process increases
the magma's normative silica content and dilutes, but
does not fractionate, its incompatible trace element
abundances. The end product of reaction is a typical
tholeiite primary magma. Based on geochemical studies
of Hawaiian magmas and xenoliths, it seems likely that
melt/harzburgite reaction occurs in the top of the plume.
Understanding the evolution of the plume top reaction
zone may ultimately help explain the transition between
tholeiitic and alkalic volcanism that occurs at the end of
the shield building stage of Hawaiian volcanoes.
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