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INTRODUCTION

Accurate values for mineral-melt trace-element distribution 
coefÞ cients (D = concentration of an element in the mineral/
concentration in the melt) are essential for understanding the 
partitioning of trace elements in magmatic systems and for 
constructing realistic models of igneous processes. Microbeam 
analytical techniques are especially well-suited for the in situ 
measurement of trace-element distribution coefÞ cients in both 
natural and experimental systems due to their high spatial reso-
lution and their ability to avoid inclusions that can compromise 
the trace-element compositions of mineral separates (Foley et al. 
1996). For this study, we used laser ablation ICPMS to measure 
D-values for an extensive suite of trace elements in augite, low-
Ca pyroxene, plagioclase, and olivine phenocrysts in fraction-
ated tholeiitic lavas from the 1955 eruption of Kilauea volcano, 
Hawaiʼi. This phenocryst assemblage is unusual among Hawaiian 
tholeiites (e.g., Garcia et al. 2003). It provides the opportunity 
to establish a self-consistent set of D-values for general use in 
the study of silica-saturated basalts, and to assess in greater 
detail the petrogenesis of ocean-island magmas. The measured 
D-values are evaluated against lattice strain models that predict 
trace-element partitioning behavior (Beattie 1994; Blundy and 
Wood 1994, 2003), and used to evaluate fractional-crystalliza-
tion models that have been proposed for the 1955 lavas based 
on their major-element compositions (Wright and Fiske 1971; 
Ho and Garcia 1988). We also present a brief discussion of the 
petrogenesis of evolved lavas from two recent Kilauea rift zone 
eruptions using the new trace-element data.

GEOLOGIC SETTING

Most lavas erupted from Kilauea volcano are olivine tholeiites 
with ≥7 wt% MgO. These lavas typically contain only olivine 
(±chromite) phenocrysts, and have major-element compositions 
consistent with olivine fractionation (e.g., Wright 1971). Although 
some Kilauea tholeiites contain sparse (<1 vol%) phenocrysts of 
augite and plagioclase (Garcia et al. 2003), only rare examples 
such as those from the early part of the 1955 east rift eruption dif-
ferentiated sufÞ ciently to also crystallize orthopyroxene (Wright 
and Fiske 1971). The 1955 eruption occurred after a 115 year 
hiatus in subaerial rift-zone activity, the longest gap in Kilauea s̓ 
historical rift-zone activity (Macdonald and Eaton 1964). Strongly 
differentiated lavas (5.0−5.7 wt% MgO) were produced during 
the early part of the 1955 eruption, whereas later lavas are less 
differentiated (6.2−6.7 wt% MgO) and contain olivine, augite, and 
plagioclase phenocrysts and microphenocrysts, but no orthopy-
roxene (Wright and Fiske 1971; Ho and Garcia 1988). There is a 
debate regarding the petrogenesis of the later lavas, i.e., whether 
they formed by mixing of differentiated magma similar to the 
early 1955 lavas with more primitive melts (Wright and Fiske 
1971; Helz and Wright 1992), or simply by less differentiation 
of the same magma that produced the early lavas (Ho and Garcia 
1988). The samples used in this study were described in detail by 
Ho and Garcia (1988). They have bulk compositions representing 
liquids, and they lack petrographic evidence of mixing such as 
reversely zoned, resorbed phenocrysts. Some of the lavas from 
this eruption contain rare xenocrysts (Helz and Wright 1992), 
which are common in east rift-zone lavas (Clague et al. 1995); 
such xenocrysts were not observed petrographically in the samples 
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ABSTRACT

Reliable values for mineral-melt trace-element distribution coefÞ cients (D) are essential for con-
structing realistic models of magma evolution based on trace elements. We have determined D-values 
for an extensive set of compatible and incompatible trace elements in clinopyroxene, orthopyroxene, 
plagioclase, and olivine phenocrysts in two moderately evolved (5.4 and 6.6 wt% MgO), tholeiitic 
lavas from the 1955 eruption of Kilauea volcano, Hawaiʼi, using laser ablation-ICPMS. Coexisting 
melt compositions were obtained by analyses of quenched mesostasis. These D-values are consistent 
with experimental results when major element variations in the host phase are considered. Lattice 
strain models reproduce many of the partitioning characteristics. The distribution coefÞ cients deter-
mined here can be applied to understanding the petrogenesis of evolved tholeiitic magmas from two 
recent Kilauea eruptions. Trace-element compositions of the 1955 lavas are consistent with 30−40% 
fractional crystallization of a gabbroic assemblage from an olivine tholeiite parental magma. The 
reduced inß ux of melt to Kilauea during the late 19th and early 20th centuries may have allowed the 
formation of evolved magmas in the rift zone.
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SAMPLES

Representative samples from the early (sample 2 erupted 
on March 03, 1955) and late (sample 8 from March 28, 1955) 
episodes of the 1955 eruption were selected for this study based 
on their petrographic characteristics and relatively high abun-
dance of phenocrysts. The eruption history of these samples was 
described by Macdonald and Eaton (1964), who also provided 
wet-chemical, major-element whole-rock analyses. Wright and 
Fiske (1971) presented detailed modal data for these and other 
lavas from this eruption, and Ho and Garcia (1988) presented 
petrographic descriptions, mineral chemistry, and XRF whole-
rock analyses for these samples. Both lavas consist of euhedral 
to subhedral crystals of plagioclase, pyroxene, and olivine in a 
holocrystalline matrix. New modes were determined for the two 
1955 lavas. They show that sample 2 contains common plagio-
clase with sparse clinopyroxene, orthopyroxene, and olivine in 
a plagioclase-dominated microcrystalline matrix with pyroxene 
and iron oxides (Table 1). Sample 8 is petrographically similar 
to sample 2 but lacks orthopyroxene and contains more clinopy-
roxene and olivine (Table 1). The major-element compositions 
of these lavas show that they are moderately evolved tholeiites 
with 5.4 and 6.6 wt% MgO and relatively low CaO/Al2O3 ratios 
(0.68−73) compared with Kilauea olivine tholeiites with >7 wt% 
MgO and CaO/Al2O3 >0.82 (Garcia et al. 2003). 

METHODS

Mineral compositions were measured by electron-microprobe analysis (major 
elements) and laser ablation ICPMS (LA-ICPMS; trace elements) on three, 0.1 mm 
thick polished sections of each lava following procedures described by Garcia et al. 
(1995) and Norman (1998), respectively. Brieß y, the electron-microprobe analyses 
were made using a focused 20 nA beam and counting for at least 30 s on the peak 
(15 s on each background) using a Cameca SX50 at the University of Hawaii. 
Calibration was based on mineral standards from the Smithsonian collection (San 
Carlos olivine, Kakanui augite, Lake County labradorite plagioclase; Jarosewich et 

al. 1979) and other well-characterized minerals (diopside, jadeite, and Cr-augite). 
At least three spots were analysed on each phenocryst and line scans were made 
to check for zoning trends. PAP-ZAF procedures were used to correct intensity 
data to obtain the electron-microprobe analyses. Trace-element compositions of 
individual phases were measured using a 266 nm Nd:YAG laser-ablation system 
based on the Memorial University design (Jackson et al. 1992) and a Perkin-Elmer 
Elan 6000 ICPMS located at Macquarle University. This LA-ICPMS system uses a 
petrographic microscope to focus the laser beam, which allows examination of the 
sample in transmitted and reß ected light prior to analysis. Crystal volumes optically 
free of inclusions were selected for analysis. Laser spot diameters of 0.05�0.1 mm 
and a repetition rate of 4 Hz were used. The NIST 610 glass was used for external 
calibration of relative element sensitivity using concentration values given by Nor-
man et al. (1996). Each LA-ICPMS analysis was normalized to a major-element 
oxide as an internal standard to account for variable ablation yield (CaO for augite, 
low-Ca pyroxene, plagioclase, and melt; MgO for olivine). Several analyses of the 
USGS basaltic glass standard BCR-2G were conducted during the course of the 
study for quality control. These data demonstrate an analytical precision of 2−6% 
relative standard deviation (RSD) and good agreement between compositions 
determined by solution aspiration and LA-ICPMS on the basaltic glass (Norman 
et al. 1998). For calculation of the distribution coefÞ cients, mineral compositions 
were determined by averaging replicate LA-ICPMS and microprobe analyses, 
usually 2−3 spots per grain. Melt compositions for each sample were established 
by averaging 10 analyses of Þ nely quenched mesostasis, using the whole-rock 
CaO contents of the sample (Table 1) for internal standardization (IS). Whole-rock, 
trace-element compositions were determined by solution aspiration ICPMS on 
powdered splits of two samples of the 1955 lavas following procedures described 
by Norman et al. (1998) at the Australian National University. 

RESULTS

Whole rock and mesostasis compositions

In comparison with olivine tholeiites produced during the 
current east rift eruption and historical summit eruptions of 
Kilauea for the last two hundred years (e.g., Garcia et al. 2000; 
2003; Pietruszka and Garcia 1999), the 1955 lavas have greater 
concentrations of highly incompatible elements (Ba, Th, U, Nb, 
LREE), relatively high La/Yb ratios, and depletions of Sr relative 
to the LREE (Fig. 1; Table 2). These trace-element characteristics 
are similar to those of the hybrid lavas erupted in 1997 as episode 
54 of the Puʼu Oʼo eruption (Thornber et al. 2003). The early 
1955 lava (sample 2) has higher concentrations of incompatible 
trace elements (e.g., REE, Zr, Ba, Th, U) and lower concentra-
tions of more compatible elements (e.g., Cr, Ni, Sc) than the late 
lava (sample 8; Table 2). This Þ nding is consistent with previous 
results indicating evolution of the magma composition from more 
evolved to less evolved during the 1955 eruption (Wright and 
Fiske 1971; Ho and Garcia 1988). 

Time-resolved LA-ICPMS spectra of mesostasis analyses 
showed Þ ne-scale heterogeneity as different phases were ablated, 
but the trace-element results for each analysis are reasonably 
consistent with RSDʼs (1σ, n = 10) of 5−15% for most ele-
ments (Table 3). The mesostasis from both samples is slightly 
enriched in incompatible elements compared to the whole rock 
and also has pronounced depletions of Sr relative to the whole 
rock compositions (Fig. 1). Relative abundances of compatible 
and incompatible trace elements in the mesostasis follow the 
whole-rock compositions for early vs. late lavas, with sample 2 
having a more-evolved composition (Table 3).

Pyroxenes

High-Ca pyroxenes (cpx) have moderate FeO (10−15% 
ferrosilite component), and CaO (36−41 % wollastonite com-
ponent), and moderate to low other components (0.9−1.4 wt% 
TiO2, 2.2−3.2 wt% Al2O3, 0.1−0.6 wt% Cr2O3, and 0.2−0.3% 

TABLE 1.  Whole-rock, wet-chemical major element compositions* 
and petrography of two lavas from the 1955 eruption of 
Kilauea

Sample 2 8
 early late

SiO2 50.99 50.61
TiO2 3.57 3.12
Al2O3 13.73 14.02
Fe2O3 3.39 2.66
FeO 9.36 9.31
MnO 0.18 0.17
MgO 5.42 6.61
CaO 9.38 10.28
Na2O 2.75 2.49
K2O 0.80 0.69
P2O5 0.39 0.34
Sum 99.96 100.08
CaO/Al2O3 0.68 0.73
Modes (vol%)  
Plag ph 2.4 2.0
Plag mph 1.6 1.4
Cpx ph 1 1.8
Cpx mph 0.4 1.2
Oliv ph 0.4 0.6
Oliv mph <0.1 0.4
Opx ph 0.6 –
Opx mph <0.1 –
Spinel <0.1 <0.1
Matrix 93.6 92.6

* Major element data (in wt%) from Macdonald and Eaton (1964). Phenocrysts 
(ph) are >0.5 mm across, microphenocrysts (mph) are 0.1–0.5 mm across. Point 
counts are based on 500 points/sample.
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no zoning in cpx crystals in these rocks. More complex zoning 
was reported by Helz and Wright (1992) for a few cpx crystals. 
Clinopyroxene in these lavas are strongly depleted in LREE 
and moderately depleted in HREE relative to the middle REE 
(Sm-Eu-Gd) giving them a convex upward REE pattern (Fig. 
2). Many of the cpx crystals have small negative Eu anomalies. 
Distribution coefÞ cients for the REE calculated relative to the 
mesostasis compositions range from ~0.03 for La to ~0.4 for 
the HREE (Table 5; Fig. 2). Niobium is the most incompatible 
element in cpx measured here, with a D-value almost an order 
of magnitude less than that of La (DNb = 0.003−0.005; Table 5, 
Fig. 3). DSr is intermediate to DLa and DCe, whereas Pb appears 
to be slightly less incompatible with DPb ≈ DSm. The distribution 
coefÞ cient for Hf is similar to that of Nd in these augites, but Zr 
is markedly more incompatible, with DZr/DHf ≈ 0.5 (Fig. 3, Table 
5). Gallium, Ti, and Eu have similar distribution coefÞ cients in 
these augites, and, as expected, Y behaves much like Dy and Ho. 
Vanadium (DV = 0.6−0.8), Co (DCo = 1.1−1.7), Sc (DSc = 2.1−2.6), 
and Ni (DNi = 3.1−5.3) are more compatible than the HREE in 
the cpx crystals in the 1955 lavas (Fig. 3, Table 5).

Low-Ca pyroxenes (opx) are enstatites, with 4.1−4.6% wol-
lastonite component and 71−74% enstatite component (Table 4). 
The other components in these pyroxenes are moderate to low 
(1.3−1.8 wt% Al2O3, 0.4−0.7 wt% TiO2, and <0.1 wt% Na2O and 
Cr2O3; Table 4). Orthopyroxene crystals show slight normal or 
no compositional zoning (Ho and Garcia 1988). Incompatible 

FIGURE 1. Primitive mantle-normalized incompatible element 
distributions in whole rock (open squares) and matrix (Þ lled circles) 
samples of two evolved lavas erupted from Kilauea in 1955. For 
comparison, patterns are also shown for a suite of relatively primitive 
olivine tholeiites erupted from the east rift of Kilauea since 1997 (gray 
Þ eld; Garcia and Norman, unpublished data). The depletion of Sr in 
the 1955 lavas indicates removal of plagioclase, whereas the greater 
enrichment of LREE relative to HREE compared to the post-1997 lavas 
probably reß ects an origin of the 1955 parental magmas by smaller 
degrees of melting or a difference in source composition (Pietruszka and 
Garcia 1999, Garcia et al. 2000). Normalization values from McDonough 
and Sun (1995).

TABLE 2.  Trace element compositions (ppm) of two Kilauea 1955 
eruption lavas by solution ICPMS. All data in ppm

Sample 2 8 8 dup 8 avg

Li 7.1 6.5 6.5 6.5
Sc 30 31.4 30.8 31.1
Ti 21593 19987 20226 20107
V 362 343 347 345
Cr 82 114 114 114
Co 43 44 44 44
Ni 82 92 94 93
Cu 134 137 138 138
Zn 131 123 124 123
Ga 24.4 23.4 23.8 23.6
Rb 14.3 13.4 13.7 13.5
Sr 401 408 413 411
Y 36.9 32.9 33.3 33.1
Zr 257 230 232 231
Nb 25.4 24.1 24.3 24.2
Mo 1.3 1.16 1.22 1.19
Cd 0.1 0.1 0.1 0.1
Sn 2.85 2.46 2.48 2.47
Sb 0.062 0.060 0.059 0.060
Cs 0.14 0.13 0.13 0.13
Ba 190 179 179 179
La 21.8 20.3 20.3 20.3
Ce 53.4 49.6 49.6 49.6
Pr 7.28 6.72 6.71 6.72
Nd 34.7 31.7 31.8 31.7
Sm 8.77 7.91 7.86 7.88
Eu 2.84 2.57 2.59 2.58
Gd 8.99 8.12 8.12 8.12
Dy 7.73 6.92 6.89 6.90
Ho 1.46 1.30 1.31 1.31
Er 3.55 3.20 3.18 3.19
Yb 2.99 2.65 2.68 2.66
Lu 0.42 0.37 0.37 0.37
Hf 6.19 5.62 5.63 5.63
Ta 1.63 1.55 1.56 1.55
Pb 1.71 1.53 1.54 1.54
Th 1.73 1.62 1.64 1.63
U 0.57 0.53 0.54 0.53

TABLE 3. Trace element compositions (ppm) of mesostasis in two 
Kilauea 1955 eruption lavas by LA-ICPMS.

Sample 2 1σ %rsd 8 1σ %rsd

CaO 9.6 IS  10.4 IS 
Sc 29.5 1.4 4.8 29.9 1.4 4.8
Ti 24728 1272 5.1 21841 1726 7.9
V 455 68 15.1 406 47 11.6
Cr 45 8 18.4 70 9 12.6
Co 44 4 9.5 42 5 10.9
Ni 71 6 8.7 69 9 12.8
Cu 142 10 6.7 126 20 15.8
Zn 140 19 13.6 128 23 18.0
Ga 27.6 1.7 6.1 25.7 1.7 6.6
Rb 17.3 2.3 13.2 16.4 2.1 12.9
Sr 418 23 5.5 424 20 4.7
Y 42 2.5 5.9 35.8 3.9 11.0
Zr 297 18 6.1 250 32 12.6
Nb 29.9 2.1 7.1 27.7 3.1 11.1
Mo 1.3 0.2 15.5 1.2 0.3 27.2
Cs 0.16 0.03 15.6 0.14 0.03 20.9
Ba 209 15 7.3 197 21 10.8
La 24.2 2.0 8.2 22.5 3.1 13.9
Ce 59.2 4.8 8.1 54.8 7.4 13.5
Pr 8.7 0.7 7.5 7.9 1.1 13.8
Nd 40.7 2.8 6.9 35.8 4.6 12.8
Sm 10.2 0.9 8.8 8.6 1 12.1
Eu 3.1 0.2 5.5 2.8 0.3 11.1
Gd 9.7 0.9 9.5 8.5 1.2 13.7
Dy 8.7 0.7 8.0 7.2 0.9 12.7
Ho 1.7 0.1 8.0 1.4 0.2 13.5
Er 4.1 0.3 8.5 3.5 0.5 14.3
Yb 3.4 0.2 6.7 2.7 0.4 13.5
Lu 0.48 0.06 11.9 0.39 0.05 13.2
Hf 7.5 0.3 4.0 6.2 0.8 13.1
Ta 1.8 0.2 9.2 1.6 0.2 10.6
Pb 2 0.3 16.9 2.2 0.5 24.9
Th 2 0.2 8.9 1.8 0.3 14.7
U 0.71 0.06 7.9 0.65 0.09 13.2

Notes: Each composition is the average of 10 spot analyses. High rsd’s (% relative 
standard deviation) indicate sample heterogeneity of fi ne-grained matrix rather 
than analytical precision. Analyses are normalized to the whole rock CaO value 
(wt%) as an internal standard (IS).

Na2O; Table 4). Cpx grains from the later, more MgO-rich lava 
(sample 8) have a slightly higher enstatite component than those 
from the early lava (46−48 vs. 48−50 mol%). New zoning proÞ les 
and those done by Ho and Garcia (1988) found slight normal or 
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trace elements are variably depleted in opx relative to cpx. Abun-
dances of HREE (Yb, Lu) are about 2× lower, whereas the LREE 
are much more strongly depleted, with Ce abundances about 
~15−20× lower in the opx compared to cpx (Fig. 2). Distribution 
coefÞ cients for REE in opx range from 0.17 for Yb and Lu to 
0.003 for Ce. The most signiÞ cant difference in the pattern of 
incompatible element partitioning in opx compared to cpx are 
the enrichments of Ga and the high-Þ eld strength elements Zr, 
Hf, and Ti relative to the REE (Fig 4, Table 5). Cobalt and Ni 
are more compatible in opx than in cpx, whereas V and Sc are 
less compatible (Figs. 3, 4).

Plagioclase

Plagioclase phenocrysts have 63−71% anorthite (An) compo-
nent, with 0.7−0.8 wt% FeO. Most plagioclase crystals in these 
rocks have normal or no compositional zoning, although some 
crystals have oscillatory zoning and rare crystals have reverse 
zoning (Ho and Garcia 1988; Helz and Wright 1992). Trace ele-
ment compositions of plagioclase are complementary in many 
respects to the pyroxenes, with enrichments of Sr, Ba, and LREE 
relative to HREE (Fig. 5). Strontium (DSr = 1.8) and Ga (DGa = 
0.9−1.0) are compatible in plagioclase, whereas Ba (DBa = 0.2), 
Pb (DPb = 0.15−0.18), and Eu (DEu = 0.14−0.17) are moderately 
incompatible and concentrated in plagioclase relative to the other 
trace elements measured here (Table 6; Fig. 5). Interestingly, 
Eu is actually more compatible in cpx than plagioclase on an 
absolute basis (DEu = 0.27 for cpx vs. 0.14−0.17 for plagioclase; 
Tables 5, 6; Figs. 2, 5). Titanium, Rb, and V are similar in com-
patibility to the middle and heavy REE in plagioclase, whereas 
Zr is highly incompatible in this phase (Fig. 5). Iron (DFe = 0.05) 

FIGURE 2. (a) Primitive mantle-normalized REE patterns for clinopyroxene 
(cpx) and orthopyroxene (opx) from two Kilauea 1955 lavas. (b) Mineral-melt 
distribution coefÞ cients (D) for REE in cpx and opx from the Kilauea 1955 
lavas. Normalization values from McDonough and Sun (1995).

FIGURE 3. (a) Extended trace element patterns for mineral-melt D-
values in clinopyroxene (cpx) from two Kilauea 1955 eruption lavas. (b) 
A comparison of D-values for cpx in the Kilauea 1955 (Þ lled circles) lavas 
with selected literature data for cpx and D-values for Kilauea 1955 opx 
(Þ lled squares). Literature data sources: Mauna Kea (MK) ankaramite 
(Jeffries et al. 1995), lamproite (Foley et al. 1996), megacrysts (Dobosi 
and Jenner 1999), SMW cpx (Skulski et al. 1994), GN cpx (Gallahan and 
Nielsen 1992), KJ cpx (Johnson 1998), HD cpx (Hart and Dunn 1993).

FIGURE 4. (a) Extended trace element patterns for mineral-melt 
D-values in low-Ca pyroxene (opx) from two Kilauea 1955 eruption 
lavas. (b) A comparison of D-values for opx relative to cpx in the 1955 
lavas illustrating the enrichment of Zr, Hf, Ti, and Ga relative to the 
REE in opx.
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is concentrated relative to Mg (DMg = 0.02−0.03), with Fe be-
ing slightly more compatible than La, and Mg being similar in 
compatibility to Ti, if whole-rock major-element compositions 
are used to calculate DFe and DMg in these plagioclases (Fig. 5).

Olivine

Olivines in the 1955 lavas range widely in composition from 
forsterite (Fo) 77 to 85 based on the data of Ho and Garcia (1988), 
Helz and Wright (1992), and our new analyses. Most olivines 
in these lavas show normal zoning, although Helz and Wright 
(1992) reported one reversely zoned crystal in a late lava. The 
two olivine crystals analyzed here for trace elements are from a 
late lava, and are Fo85.3 and Fo79.5 in composition (Table 4). The 
Fo85.3 olivine is not in equilibrium with its host-rock composition. 
Such olivines are common in lavas from this eruption and may 
have formed by earlier crystallization of the 1955 parental magma 

(e.g., Garcia et al. 2003), or they may represent xenocrysts such 
as those recognized in other Kilauea lavas (e.g., Clague et al. 
1995). Although it is difÞ cult to generalize from the two crystals 
analyzed here (Table 7), Ni and Cr contents appear to be higher 
in the olivine with higher forsterite content, whereas Mn, Zn, 
Co, and Ti contents are higher in the Fo79.5 crystal. Calcium, Al, 
Sc, and V contents are broadly similar in both crystals. Both 
olivines show similar patterns in their distribution coefÞ cients 
(Fig. 6), with Ni being highly compatible (DNi = 24.7�38.0), and 
Co (DCo = 4.1−5.2) and Cr (DCr = 1.3−4.5) somewhat less so. 
Zinc (DZn = 1.33−1.59) and Mn (DMn = 1.17−1.69) have similar 
compatibilities in these olivines. Distribution coefÞ cients for 
the olivine-incompatible elements measured here decrease in 
the sequence: Sc (0.14−0.19) > Ca (0.024) > V (0.014−0.019) > 
Ti (0.003−0.004) > Al (0.002) (Fig. 6). 

DISCUSSION

Distribution coefÞ cients for Kilauea 1955 lavas and com-
parison with literature values

Pyroxene. Mineral-melt partition coefÞ cients for trace ele-
ments in pyroxene have been determined both experimentally and 
on natural samples by several studies (for a summary see Green 
1994). In this section, we compare our results on the Kilauea 
1955 lavas with relevant experimental data and predictions of 
the lattice-strain model (Blundy and Wood 1994, 2003). This 
comparison provides a check on the experimental and theoretical 
results, and additional insight into the controls on trace-element 
partitioning in the natural system. Because the bulk composition 
of the starting material exerts a signiÞ cant control on the partition 

TABLE 4.  Representative electron microprobe analyses of minerals from two 1955 Kilauea lavas
Mineral n SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O Sum En (Fo) Fs Wo

KIL55-2
Cpx-A 3 51.18 0.98 2.92 0.23 6.54 0.14 16.84 19.98 0.25 99.07 48.3 10.5 41.2
Cpx-B 5 50.27 1.33 3.06 0.13 9.29 0.22 16.12 18.55 0.31 99.27 46.5 15.0 38.5
Cpx-C 3 50.59 1.29 2.99 0.12 9.33 0.22 16.24 18.37 0.31 99.47 46.8 15.1 38.1
              
Opx-A 4 53.91 0.44 1.32 0.07 14.13 0.31 27.32 2.11 0.04 99.66 74.3 21.6 4.1
Opx-B rim 2 53.11 0.67 1.61 0.04 15.28 0.34 26.30 2.16 0.05 99.55 72.2 23.5 4.3
Opx-B core 4 52.91 0.74 1.80 0.05 15.46 0.33 25.84 2.33 0.04 99.50 71.4 24.0 4.6
              
KIL55-8              
Cpx-A 9 51.56 0.89 2.77 0.58 6.73 0.18 17.40 19.07 0.27 99.45 49.9 10.8 39.3
Cpx-B 9 51.59 1.01 2.47 0.20 8.37 0.21 17.21 18.35 0.27 99.70 49.0 13.4 37.6
Cpx-C 3 51.45 0.90 2.23 0.15 8.99 0.24 17.24 17.76 0.28 99.23 49.2 14.4 36.4
Cpx-D 6 51.33 1.10 2.82 0.61 6.34 0.17 17.51 19.35 0.31 99.53 50.1 10.2 39.8
Cpx-E 3 51.30 0.96 2.95 0.22 6.79 0.17 16.78 20.15 0.26 99.58 47.8 10.9 41.3
            
Ol-A 8 39.95 0.01 0.04 – 14.00 0.19 45.50 0.26 – 100.00 85.3
Ol-B 11 38.80 0.02 0.04 – 19.08 0.28 41.43 0.24 – 99.90 79.5
           
  SiO2 Al2O3 FeO MgO CaO Na2O K2O Sum An  
KIL55-2           
Plag-A 6 50.75 29.62 0.83 0.15 12.79 4.26 0.16 98.55 62.2 
Plag-B 9 51.52 29.42 0.83 0.14 12.65 4.34 0.17 99.07 61.4 
Plag-C 6 49.18 31.28 0.70 0.19 14.69 3.22 0.11 99.37 71.5 
Plag-D ** 51.51 30.05 0.78 0.15 13.11 4.08 0.16 99.86 63.8 
Plag-E ** 50.46 30.34 0.72 0.19 13.67 3.80 0.13 99.33 66.5 
Plag-F ** 50.59 30.43 0.79 0.19 13.71 3.76 0.13 99.60 66.8 
Plag-G 3 51.31 30.04 0.80 0.16 13.15 4.07 0.14 99.68 64.0 
           
KIL55-8           
Plag-A 6 51.94 30.25 0.78 0.17 13.27 3.96 0.14 100.51 64.8 
Plag-B 6 49.53 30.97 0.75 0.19 14.21 3.45 0.12 99.22 69.4 
Plag-C ** 52.23 29.42 0.77 0.19 12.50 4.32 0.17 99.59 61.4

Notes: n = number of analyses; cpx = clinopyroxene; Opx = low CaO pyroxene; Ol = olivine; plag = plagioclase.

FIGURE 5. Distribution coefÞ cients for trace elements in plagioclase 
from the Kilauea 1955 early (open circles) and late (Þ lled circles) lavas.
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coefÞ cient (e.g., Blundy and Wood 2003), the most direct com-
parisons of trace-element partitioning relations in the natural sys-
tem represented by the Kilauea 1955 lavas are with experiments 
that used a Kilauea basaltic melt composition. Here we compare 
our measured D-values with the experimental results of Gallahan 
and Nielsen (1992), Nielsen et al. (1992), Forsythe et al. (1994), 
and Johnson (1998), as these studies used starting compositions 
that include moderately evolved Kilauea tholeiites.

Gallahan and Nielsen (1992) and Nielsen et al. (1992) stud-
ied the partitioning behavior of Sc, Y, and selected REE for 
orthopyroxene and pigeonite (Wo2-20) using a variety of melt 
compositions, including one from the 1955 eruption (TLW67) 
and two others (3/83, KL77) with similar MgO contents (5.3−6.0 
wt% MgO). Forsythe et al. (1994) studied partitioning of high-

Þ eld strength elements (HFSE; Ti, Zr, Nb, Ta) in low-Ca and 
high-Ca pyroxene (Wo4 and Wo48) using the KL77 and TLW67 
melt compositions. The D-values reported here for Kilauea 1955 
pyroxenes fall within the rather broad ranges obtained by these 
experimental studies. Gallahan and Nielsen (1992) and Forsythe 
et al. (1994) emphasize correlations of DREE and DHFSE with DTi. 
The compositions of the Kilauea 1955 high-Ca and low-Ca 
pyroxenes are consistent with these trends (Fig. 7). 

Johnson (1998) determined D-values for the REE and HFSE 
in clinopyroxene (14.9 to 17.5 wt% CaO; Wo38−41) at pressures 
between 2−3 GPa starting with a 1921 Kilauea olivine tholeiite 
with 9.4 wt% MgO. The D-values for cpx obtained by Johnson 
(1998) are similar to those observed for the 1955 lavas (Fig. 3), 
despite the difference in MgO and pressure of equilibration (the 

Table 5. Trace element compositions and distribution coeffi  cients for high-Ca and low-Ca pyroxene phenocrysts in two Kilauea 1955 lavas
Sample: 2 CPX 8 CPX 2 OPX
Grain A B C  A B C D E  A core A rim B core B rim C F

CaO (IS) 20.0 18.6 18.4  19.1 18.4 17.8 19.4 20.2  2.10 2.10 2.33 2.16 2.20 2.20
Sc 70.5 81.1 75.3  65.8 72.6 67.8 73.6 75.0  27.5 32.8 40.7 35.6 27.4 30.6
Ti 5796 8100 7202  5069 6174 5229 6231 5670  2559 2878 4543 4160 2429 3576
V 290 396 355  262 314 275 301 283  116 134 195 178 105 142
Co 51 61 61  48 58 67 50 51  119 111 122 123 109 124
Ni 315 293 255  370 334 314 376 304  469 414 473 480 563 576
Ga 7.2 9.8 8.3  6.9 8.1 6.9 8.8 7.4  4.3 4.6 6.1 6.4 na na
Sr 27.4 24.3 22.2  22.0 22.5 15.6 25.7 27.8  0.30 0.27 0.61 0.40 0.40 0.40
Y 12.2 19.3 19.0  12.2 16.3 15.9 15.9 12.3  2.17 2.78 4.23 3.50 2.09 3.01
Zr 17.3 24.9 23.3  12.5 18.0 14.0 17.9 16.3  1.70 2.45 4.90 3.60 1.63 2.65
Nb 0.16 0.09 0.09  <0.15 <0.15 <0.1 0.14 <0.1  <0.05 <0.05 <0.05 <0.05 <0.1 0.11
La 0.80 0.97 0.84  0.56 0.73 0.52 0.74 0.74   –  –  –  – <0.1 <0.1
Ce 3.73 4.65 4.42  2.75 3.63 2.73 3.56 3.57  0.06 <0.05 0.23 0.19 <0.1 0.19
Pr 0.73 1.09 0.99  0.59 0.87 0.70 0.83 0.76  na na na na <0.08 <0.1
Nd 5.32 7.20 6.86  4.36 5.66 4.74 5.57 5.44  0.30 <0.1 0.40 0.30 <0.4 <0.4
Sm 2.13 2.99 2.85  1.83 2.53 2.01 2.32 2.00  <0.1 <0.1 0.21 0.17 <0.5 <0.2
Eu 0.61 1.04 1.04  0.61 0.81 0.76 0.75 0.77  0.10 <0.05 0.11 <0.05 <0.2 <0.15
Gd 2.56 4.00 3.94  2.50 3.29 2.87 3.21 2.64   –  –  –  – <0.4 <0.2
Dy 2.62 4.13 4.18  2.37 3.35 3.03 3.38 2.52  0.45 0.51 0.64 0.73 <0.4 na
Ho 0.47 0.75 0.77  0.52 0.63 0.58 0.69 0.52  0.10 0.13 0.17 0.14 0.16 0.14
Er 1.05 1.96 2.00  1.24 1.61 1.63 1.50 1.22  0.32 0.30 0.66 0.40 0.51 na
Yb 0.87 1.53 1.52  1.01 1.29 1.19 1.19 0.89  0.35 0.41 0.78 0.55 0.78 0.64
Lu 0.11 0.21 0.19  0.12 0.19 0.19 0.16 0.10  0.05 0.07 0.11 0.09 0.10 <0.05
Hf 0.82 1.22 1.11  0.58 0.87 0.64 0.87 0.79  <0.05 <0.05 0.20 0.14 <0.3 <0.1
Pb  – 0.41 0.46  0.32 0.56 0.47 0.51 0.70   –  –  –  – <0.4 <0.3
Th <0.05 <0.05 <0.05  <0.06 <0.05 <0.05 <0.05 <0.05  <0.02 <0.02 <0.02 <0.03 <0.06 <0.05
U <0.05 <0.05 <0.05   <0.06 <0.05 <0.05 <0.05 <0.04   <0.03 <0.03 <0.02 <0.03 <0.06  –

D crystal/melt
Nb 0.005 0.003 0.003  <0.005 <0.005 <0.004 0.005 <0.004  <0.002 <0.002 <0.002 <0.002 <0.003 0.004
La 0.033 0.040 0.034  0.025 0.033 0.023 0.033 0.033   –  –  –  – <0.004 <0.004
Sr 0.066 0.058 0.053  0.052 0.053 0.037 0.061 0.066  0.001 0.001 0.001 0.001 0.001 0.001
Ce 0.063 0.079 0.075  0.050 0.066 0.050 0.065 0.065  0.001 <0.001 0.004 0.003 <0.002 0.003
Pr 0.084 0.125 0.113  0.074 0.111 0.089 0.105 0.096   –  –  –  – <0.009 <0.011
Zr 0.058 0.084 0.078  0.050 0.072 0.056 0.072 0.065  0.006 0.008 0.016 0.012 0.005 0.009
Hf 0.110 0.163 0.148  0.094 0.140 0.103 0.141 0.127  <0.007 <0.007 0.027 0.019 <0.04 <0.013
Nd 0.131 0.177 0.168  0.122 0.158 0.132 0.155 0.152  0.007 <0.002 0.010 0.007 <0.01 <0.01
Pb  – 0.205 0.227  0.145 0.256 0.214 0.232 0.316   –  –  –  – <0.20 <0.15
Sm 0.209 0.294 0.281  0.214 0.294 0.234 0.270 0.233  <0.01 <0.01 0.020 0.017 <0.05 <0.002
Eu 0.199 0.337 0.336  0.218 0.290 0.274 0.271 0.275  0.032 <0.02 0.035 <0.02 <0.06 <0.05
Ga 0.260 0.354 0.301  0.269 0.317 0.269 0.342 0.287  0.157 0.167 0.220 0.232  –  –
Ti 0.23 0.33 0.29  0.23 0.28 0.24 0.29 0.26  0.10 0.12 0.18 0.17 0.10 0.14
Gd 0.262 0.410 0.404  0.293 0.386 0.336 0.377 0.310   –  –  –   – <0.04 <0.02
Dy 0.302 0.476 0.482  0.328 0.462 0.418 0.467 0.347  0.052 0.059 0.074 0.085 <0.05  –
Y 0.290 0.460 0.452  0.340 0.454 0.443 0.444 0.342  0.052 0.066 0.101 0.083 0.050 0.072
Ho 0.282 0.455 0.469  0.377 0.456 0.422 0.500 0.376  0.060 0.076 0.105 0.086 0.099 0.086
Er 0.258 0.479 0.490  0.350 0.457 0.462 0.425 0.346  0.077 0.073 0.161 0.097 0.126  –
Yb 0.259 0.455 0.452  0.370 0.472 0.437 0.438 0.326  0.105 0.121 0.232 0.163 0.233 0.190
Lu 0.231 0.441 0.396  0.303 0.477 0.482 0.418 0.264  0.098 0.150 0.219 0.179 0.218 <0.10
V 0.64 0.87 0.78  0.64 0.77 0.68 0.74 0.70  0.26 0.29 0.43 0.39 0.23 0.31
Co 1.15 1.39 1.38  1.14 1.36 1.59 1.17 1.20  2.69 2.51 2.76 2.80 2.47 2.80
Sc 2.39 2.75 2.56  2.20 2.43 2.27 2.46 2.51  0.93 1.11 1.38 1.21 0.93 1.04
Ni 4.44 4.13 3.59   5.34 4.81 4.53 5.42 4.39   6.61 5.83 6.66 6.76 7.93 8.11

Notes: All data in ppm. CaO wt% used for internal standard (IS).
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1955 lavas likely crystallized at pressures of <0.3 GPa within 
Kilaueaʼs east rift zone; Wright and Fiske 1971).

The D-values inferred here for the Kilauea 1955 high-Ca 
pyroxenes fall with the range established by several studies of 
natural and synthetic basalts (Fig. 3), such that reliable mineral/
melt distribution coefÞ cients for a variety of petrogenetically 
useful trace elements in cpx are now reasonably well established. 
The fractionation of Zr from Hf observed in the Kilauea 1955 
cpx (DZr < DHf) is consistent with experimental determinations 
(Hart and Dunn 1993; Fujinawa and Green 1997), and with re-
cent high-precision, whole-rock data demonstrating variations 
in Zr/Hf of oceanic basalts that have been ascribed to depletion 
of residual cpx during melting (Niu and Batizza 1997; David 
et al. 2000). Much higher D-values for V have been obtained 
by most experimental studies compared to the natural systems 
(Fig. 3). This difference probably reß ects crystallization of the 
experimental pyroxenes under reducing conditions in graphite 
capsules. Vanadium has a variety of potential valence states (+2 
to +5), and becomes more compatible in pyroxene and spinel 
under reducing conditions (Lindstrom 1976; Horn et al. 1994; 
Canil 1999). Thus, the very high values for DV obtained by the 
experimental studies may be more applicable to highly reduced 
systems such as eucrites and lunar mare basalts than to terrestrial 
systems such as Kilauea, which crystallize at fO2 ~FMQ (e.g., 
Moore and Ault 1965). The change in V/Sc and V/Ti partition-
ing relations in basalts crystallized under relatively oxidizing 
conditions (e.g., Kilauea with DSc>DV) compared to those that 
formed under the reducing conditions experienced by graphite 
capsule experiments (DV>DSc) may provide a useful redox indi-
cator for planetary materials (Shervais 1982; Horn et al. 1994; 
Papike et al. 2004).

As a further test of our measured D-values, we computed 
partition coefÞ cients for the REE in cpx and opx using the lat-
tice-strain model (LSM) of Blundy and Wood (1994, 2003). 
This model relates the partitioning behavior of isovalent cations 
to their ionic radius, the elasticity of the crystal site that they 
occupy (as represented by Youngʼs Modulus, E�), and the strain-
free radius of the crystal lattice site (r0). The REE are assumed 
to enter the pyroxene M2 crystallographic site exclusively, as 
indicated by the good correlation of DREE with the Ca content of 
the pyroxene compared to relatively poor correlations with Fe 
and Mg, which prefer the M1 site (Gallahan and Nielsen 1992; 
Blundy and Wood 1994). Results of the LSM calculations agree 
well with DREE values measured for the Kilauea 1955 cpx (Fig. 8), 

assuming r0 = rHo (ionic radius of Ho) = 1.015 Å as indicated by 
the maxima in D-values, and elastic parameters given by Blundy 
and Wood (1994). Measured values of DREE for the Kilauea 1955 
low-Ca pyroxenes reach a maximum at Lu, but the model shows 
an increasingly poor Þ t toward the LREE if r0 = rLu = 0.977 Å 
(Fig. 8). The slope of the LSM parabola is, however, sensitive 
to relatively modest changes in r0, and a reasonably good Þ t is 
obtained if r0 for opx is slightly smaller than Lu (0.955 Å). A 
smaller r0 for opx relative to cpx appears to be qualitatively con-
sistent with the shorter M2-O bond length in enstatite compared 
to diopside (Blundy and Wood 1994).

Compared to the trivalent REE, Sc3+ is considerably more 
compatible in both cpx and opx than predicted by the LSM based 
on its ionic radius (0.87 A) and assuming partitioning only onto 
the M2 site. This suggests that partitioning of Sc3+ into pyroxene 
is controlled by an alternative mechanism, perhaps related to 
paired substitution with Al for Fe and Mg on the M1 site (Gal-
lahan and Nielsen 1992). Titanium and other high-Þ eld strength 

FIGURE 6. Distribution coefÞ cients for trace elements in olivine from 
the late Kilauea 1955 lava.

FIGURE 7. A comparison of distribution coefÞ cients for Ti vs. Sm and 
Ti vs. Zr in cpx and opx from the Kilauea 1955 lavas with experimental 
results of Gallahan and Nielsen (1992), Nielsen et al. (1992), and Forsythe 
et al. (1994) using evolved Kilauea melt starting compositions. Values 
determined on the natural system are consistent with experimental 
results when variations in bulk composition are considered. D-values 
inferred from a Mauna Kea ankaramite (Jeffries et al. 1995) and augite 
megacrysts from alkalic basalts (Dobosi and Jenner 1999) lie off the trend 
for moderately evolved Kilauea tholeiitic melt compositions, suggestive 
of a melt composition effect on trace-element partitioning.
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elements may also occupy the M1 site through similar exchange 
reactions (Gallahan and Nielsen 1992; Forsythe et al. 1994).

Plagioclase. There are fewer recent experimental studies of 
trace-element partitioning in plagioclase, and none that have 
used a Kilauea starting composition. Our average D-values for 
the LREE are broadly similar to those determined experimen-
tally on strongly calcic compositions by Phinney and Morrison 
(1990; An95), McKay et al. (1994; An100), and Simon et al. (1994; 
An97), e.g., DLa 0.034−0.038 vs. 0.022−0.042; DCe 0.028−0.030 
vs. 0.016−0.030; DSm 0.026 vs. 0.007−0.017, respectively. Simi-
lar D-values are reported by Blundy and Wood (1994) for An89 
plagioclase, and by Fujimaki et al. (1984) for plagioclase-matrix 
pairs separated from a tholeiitic basalt from Usu volcano, Japan. 
In contrast, Bindemann et al. (1998) re-analyzed the experi-
ments of Drake and Weill (1975) by ion-microprobe methods, 
and found considerably higher DREE values for more sodic pla-
gioclase compositions, e.g., DLa 0.14−0.26, DCe 0.095−0.166, 
and DSm 0.067−0.106 for An53-75 plagioclase. The reason for 

TABLE 6. Trace element compositions and distributions for plagioclase in Kilauea 1955 lavas.
Sample: 2 8
Grain: A B C D E F G  A B C

CaO IS 12.8 12.7 14.7 13.1 13.7 13.7 13.2   13.3 14.2 12.5
Mg 890 926  – 874  –  –  –   1051 1099 1072
Ti 707 743 493 646 624 617 656   596 517 686
Fe 4732 4953  – 4683  –  –  –   4852 4469 4327
V 3.3 3.3 3.0 3.4 3.8 2.9 3.2   2.9 2.8 3.2
Ga 25.9 26.0  – 25.2  –  –  –   27.2 24.2 25.9
Rb 0.33 0.36 0.30 0.28 0.31 0.21 <0.3   0.28 0.24 0.31
Sr 783 815 716 760 756 753 755   726 732 746
Y 0.17 0.17 0.17 0.17 0.20 0.16 0.20   0.16 0.15 0.18
Zr 0.13 0.10 <0.2 0.30 <0.15 <0.2 <0.2   0.04 0.10 <0.04
Nb <0.10 <0.10 <0.1 <0.10 <0.15 <0.1 <0.2   <0.10 <0.10 <0.15
Cs <0.02 <0.03  – <0.05  –  –  –   <0.015 <0.015 <0.017
Ba 49 56 32 43.8 41 39 43   39.2 35.4 50.6
La 0.93 1.00 0.68 0.87 0.79 0.77 0.81   0.79 0.74 0.87
Ce 1.83 1.80 1.40 1.73 1.85 1.60 1.67   1.54 1.39 1.68
Pr 0.17 0.21 0.17 0.21 0.15 0.22 0.18   0.16 0.17 0.20
Nd 0.89 0.81 0.67 0.84 0.89 0.89 0.79   0.78 0.62 0.81
Sm <0.2 <0.3 <0.4 <0.4 <0.5 <0.5 <0.6   0.24 <0.12 0.17
Eu 0.55 0.51 0.36 0.49 0.40 0.41 0.46   0.46 0.40 0.49
Gd 0.16 0.10 <0.3 <0.15 <0.2 <0.3 <0.3   0.078 0.066 0.14
Dy <0.25 <0.3 <0.3 <0.3 <0.4 <0.3 <0.3   <0.3 <0.2 <0.2
Ho <0.02 <0.02 <0.05 <0.03 <0.05 <0.05 <0.08   <0.02 <0.01 <0.01
Yb <0.04 <0.05 <0.2 <0.1 <0.3 <0.3 <0.3   <0.04 <0.03 <0.03
Lu <0.015 <0.015 <0.04 <0.03 <0.04 <0.04 <0.05   <0.01 <0.01 <0.01
Hf <0.15 <0.2 <0.2 <0.2 <0.25 <0.2 <0.2   <0.15 <0.15 <0.15
Pb 0.35 <0.3 0.39 <0.4 0.45 <0.5 0.34   0.33 0.34 0.30
Th <0.01 <0.01 <0.05 <0.05 <0.06 <0.05 <0.05   <0.007 <0.005 <0.007
U <0.01 <0.01 <0.05 <0.05 <0.06 <0.05 <0.06   <0.007 <0.005 <0.007

D crystal/melt
Mg 0.027 0.028  – 0.027  –  –  –  0.026 0.028 0.027
Ti 0.029 0.030 0.020 0.026 0.025 0.025 0.027  0.027 0.024 0.031
Fe 0.052 0.055  – 0.052  –  –  –  0.053 0.049 0.048
V 0.007 0.007 0.007 0.008 0.008 0.006 0.007  0.007 0.007 0.008
Ga 0.94 0.94  – 0.91  –  –  –  1.06 0.94 1.01
Rb 0.019 0.021 0.017 0.016 0.018 0.012  –  0.017 0.014 0.019
Sr 1.87 1.95 1.71 1.82 1.81 1.80 1.81  1.71 1.73 1.76
Y 0.004 0.004 0.004 0.004 0.005 0.004 0.005  0.004 0.004 0.005
Zr 0.0004 0.0003  – 0.001  –  –  –  0.0002 0.0004  –
Ba 0.24 0.27 0.15 0.21 0.20 0.19 0.21  0.20 0.18 0.26
La 0.038 0.041 0.028 0.036 0.033 0.032 0.034  0.035 0.033 0.039
Ce 0.031 0.030 0.024 0.029 0.031 0.027 0.028  0.028 0.025 0.031
Pr 0.020 0.024 0.020 0.024 0.017 0.025 0.020  0.020 0.022 0.025
Nd 0.022 0.020 0.016 0.021 0.022 0.022 0.019  0.022 0.017 0.023
Sm  –  –  –  –  –  –  –  0.028  – 0.020
Eu 0.18 0.17 0.12 0.16 0.13 0.13 0.15  0.16 0.14 0.18
Gd 0.017 0.011  –  –  –  –  –  0.009 0.008 0.016
Pb 0.17  – 0.20  – 0.22  – 0.17   0.15 0.15 0.14

Notes: All data in ppm. CaO used for internal standard (IS).

this discrepancy is unclear, but we note that the morphology of 
plagioclase in the Drake and Weill (1975) experiments is consis-
tent with rapid crystal growth (described as �highly elongated, 
noodle-like crystals with hollow interiors� by Bindemann et al. 
1998). Considering the very slow diffusivities of incompatible 
trace elements in plagioclase (Giletti 1994), these experiments 
may not represent equilibrium trace-element partitioning despite 
that the fact that the experiments were held at run temperature for 
one week (Drake and Weill 1975; Bindemann et al. 1994).

Values of DBa and DSr measured for the Kilauea 1955 
plagioclase can be compared with the experimentally based 
parameterization of Blundy and Wood (1991). Their model 
requires estimates of the melt temperature and composition of 
the plagioclase. Assuming the range of plagioclase compositions 
observed in the 1955 samples (An65−72) and melt temperatures 
of 1127−1147 °C based on the rock compositions and the Helz 
and Thornber (1987) geothermometer (which are consistent 
with the maximum temperature measured by thermocouple for 
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a 1955 lava river from the later part of the eruption; Macdonald 
and Eaton 1964), the Blundy and Wood (1991) parameterization 
predicts DSr = 1.9−2.3 and DBa = 0.2−0.3, compared to measured 
values of DSr = 1.78−1.83 and DBa = 0.20−0.22 (Table 6) for the 
1955 lavas. In contrast to the REE data, the ion-microprobe re-
sults of Bindemann et al. (1994) on the Drake and Weill (1975) 
experiments produce DSr (1.50−2.85) and DBa (0.18−0.50) values 
for An53−75 plagioclase that bracket our measured values for the 
Kilauea 1955 lavas.

For a comparison of our measured D-values with a lattice 
strain model (Blundy and Wood 1994), we assumed that E� for 
plagioclase varies linearly between the anorthite and albite end-
members of the plagioclase solid-solution series, and a nominal 
strain-free divalent cation with r0 intermediate between Ca and 
Sr. The LSM produces a reasonable Þ t for Ca, Sr, Ba, and Fe, but 
over-estimates the measured values for DMg and DPb (Fig 9). The 
measured value for DMg may be somewhat low because whole-
rock MgO compositions were used to calculate DMg. A better Þ t 
to the LSM is obtained for DMg (0.033) by assuming melt com-
positions similar to those of early (4.3−4.7 wt% MgO) and late 
(5.5−5.6 wt% MgO) near-vent glasses (M. Garcia, unpubl. data; 
see also Helz and Wright 1992). A comparison of the measured 
DFe with the LSM for divalent cations suggests that most of the 
Fe in the Kilauea 1955 plagioclase occurs as Fe2+, despite the 
preference of plagioclase for Fe3+ (Lundgaard and Tegner 2004). 
The poor Þ t for DPb was predicted by Blundy and Wood (1994) 
based on the lone pair of electrons in Pb2+. 

We did not calculate a LSM for the REE in plagioclase due 
to the lack of good control on r0 for trivalent cations in this phase 
(Fig 9; Blundy and Wood 1994). It is apparent, however, that DEu 
falls between the trends for the divalent cations and the trivalent 
REE (Fig 9), consistent with a mixture of Eu2+ and Eu3+ in the 
Kilauea 1955 plagioclase. Assuming that DEu2+ = DSr, and DEu3+ 
= (DSm + DGd)/2, our measured value for DEu is consistent with 
a Eu2+/Eu3+ in the melt of 0.085. The DEu/DGd of the Kilauea 
1955 plagioclase is 12.5, corresponding to an fO2

 of ~FMQ ± 0.5 
(McKay et al. 1994). This fO2

 is consistent with an estimate based 

on the measured value for DFe in the 1955 Kilauea plagioclase 
(see Lundgaard and Tegner 2004), and with other estimates of the 
primary fO2

 of Hawaiian magmas based on spinel compositions 
(Norman and Garcia 1999) and glass Fe2+/Fe3+ (e.g., Moore and 
Ault 1965; Carmichael and Ghiorso 1986).

Experimental determinations of DGa in anorthite produced 
values of 0.78−0.96 (Malvin and Drake 1987) compared to 
our measured values of 0.94−1.06 (Table 6). However, those 
experiments were conducted using high-Al liquids (17.1−22.6 
wt% Al2O3), and a trend of increasing DGa with decreasing Al2O3 
of the melt was noted (Malvin and Drake 1987). Values of DGa 
for Kilauea 1955 plagioclase are similar to those reported by 
Goodman (1972) for phenocryst-matrix pairs in a tholeiitic 
basalt from Iceland.

Olivine. Olivine/melt partition coefÞ cients for many ele-
ments are linear functions of DMg (MgO olivine/MgO melt; 
Jones 1984; Beattie et al. 1991). Values of DNi measured here 
for the Kilauea 1955 olivines (DNi = 25−38) are consistent with 
crystallization from an evolved melt, but they are somewhat 
higher than predicted for Fo79.5 olivine in equilibrium with a 6.6% 
MgO melt (DMg = 6.3, DNi ~ 17−19; Hart and Davis 1978; Jones 
1984; Beattie et al. 1991). Our values for DCo (4.5−5.1) and DMn 
(1.17−1.69) are consistent with the regressions of Jones (1984) 
and Beattie et al. (1991), which predict values of DCo = 4.6, and 
DMn = 1.49 and 1.58, respectively. Experimental data show that 
DCa in olivine increases with increasing DMg or decreasing MgO in 
the melt (Colson et al. 1988; Beattie et al. 1991). The regressions 
of Beattie et al. (1991) predict a DCa = 0.022 for sample 8 (DMg 
= 6.3), compared with our measured value of 0.024. 

Considerable diversity exists in experimentally determined 
values for DSc and DAl values in olivine. Our measured DSc in the 
KIL55 sample 8 olivine is similar to the average value determined 
from experiments of Colson et al. (1988) with <8 wt% MgO in 
the melt, but considerably lower than that obtained by Nielsen 
et al. (1992) using an evolved Kilauea starting compositions, or 

FIGURE 8. A comparison of D-values for REE predicted by a lattice-
strain model (solid and dashed lines; Blundy and Wood 1994, 2003) with 
values measured in the Kilauea 1955 cpx and opx, and literature data 
from selected experimental and natural systems (Hart and Dunn 1993; 
Skulski et al. 1994). Predicted D-values for cpx correspond well to the 
values measured in the 1955 lavas for a nominal strain-free cation size (ro) 
equal to that of Ho, whereas ro for opx appears to be slightly smaller than 
Lu (dashed line). Ionic radii for eightfold coordination are from Shannon 
(1976), and elastic parameters from Blundy and Wood (1994).

TABLE 7. Trace element compositions of olivine from Kilauea 1955 lava 
Sample: 8
Grain: A B

MgO (IS) 45.50 41.40
Al 172 153
Ca 1804 1748
Sc 4.23 5.56
Ti 58 98
V 5.66 7.56
Cr 318 93
Mn 1542 2223
Co 172 218
Ni 2634 1711
Zn 172 204
D crystal/melt
Al 0.0024 0.0021
Ca 0.024 0.024
Sc 0.142 0.186
Ti 0.0026 0.0045
V 0.014 0.019
Cr 4.52 1.32
Mn 1.17 1.69
Co 4.05 5.15
Ni 38.0 24.68
Zn 1.33 1.59

Note: MgO used for internal standard (IS). All data in ppm.
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that predicted by the regressions of Beattie et al. (1991) (Table 
8). Our measured value for DAl is lower than the results obtained 
by either Colson et al. (1988) or Nielsen et al. (1992), although 
Nielsen (pers. comm. 2004) notes that the low concentrations 
of Al in olivines from these experiments are close to detection 
limits of the electron microprobe, and therefore subject to con-
siderable uncertainty.

A lattice-strain model (LSM) for divalent cations in olivine 
accurately predicts measured values for Ca, Mn, and Co parti-
tion coefÞ cients (Table 8). The good Þ t for Co contrasts with 
the results of Beattie (1994) who found a relatively poor Þ t to 
the model for his experimental data. The LSM is less successful 
at predicting the measured values for Ni and Zn. The predicted 
D-value is too high for Zn and too low for Ni, both by about a 
factor of 3. The anomalous partitioning behavior of Zn in olivine 
has been shown previously. Kohn and SchoÞ eld (1994) suggested 
that melt composition may be the most likely reason for the more 
incompatible behavior of Zn compared to predictions based on 
ionic radius. Nickel is considerably more compatible in olivine 
than would be predicted by the lattice-strain model, a fact that 
emerges from a comparison of the model with both synthetic 
and natural systems. Empirical regressions constructed by Hart 
and Davis (1978), Jones (1984), and Beattie et al. (1991) all 
demonstrate considerably more-compatible behavior for Ni at 
a given DMg than predicted by the lattice-strain model. Hart and 
Davis (1978) and Kohn and SchoÞ eld (1994) suggested that melt 
composition may play an important role in Ni partitioning with 
olivine, whereas Blundy and Wood (1994) noted that the high 
crystal-Þ eld-stabilization energy of Ni2+ may preclude application 
of a simple LSM for predicting DNi values.

Petrogenesis of evolved Kilauea rift zone lavas 

Magmas injected into the rift zones of Hawaiian volcanoes 
may become trapped, allowing them to cool and crystallize prior 
to eruption (e.g., Wright and Fiske 1971). The 1955 eruption of 

Kilauea produced some of that volcano s̓ most evolved tholeiites 
(Macdonald and Eaton 1955). The petrology and geochemistry 
of these lavas illustrate the conditions and processes that build 
ocean-island volcanoes, and the pathways of magmatic evolu-
tion. Fractionated magmas can reside in rift zones of Hawaiian 
volcanoes for decades to centuries (e.g., Cooper et al. 2001), 
after cooling from ~1215 °C (for parental magmas with 10 wt% 
MgO; Helz and Thornber 1987) to temperatures of ~1100 °C for 
evolved lavas (~5.5 wt% MgO from the 1977 eruption; Moore 
et al. 1980). Subsequent eruptions can tap these residual melts, 
producing hybrid or mixed magmas such as the 1997 episode 54 
ß ows of the current Puʼu Oʼo rift eruption (Garcia et al. 2000; 
Thornber et al. 2003). 

Crystallization of pyroxene and plagioclase distinguish 
differentiated Kilauea lavas (<6.8 wt% MgO) from the olivine 
tholeiites (Wright 1971). Major-element compositions of the 
1955 lavas can be related to a parental magma with 7�8 wt% 
MgO by addition of ~16�47% (depending on parental magma 
composition) of a gabbroic assemblage of plagioclase, pyroxene, 
olivine, and opaques (Wright and Fiske 1971; Ho and Garcia 
1988). Here we show that the 1955 lavas have distinctive trace-
element characteristics that are consistent with fractionation of 
plagioclase and pyroxene, as proposed based on least-squares 
modeling of major-element compositions (Wright and Fiske 
1971; Ho and Garcia 1988). 

Most olivine tholeiites from the Puʼu Oʼo rift eruption have 
a narrow range of Sr and Nd concentrations that are consistent 
with modest variations in the degree of mantle melting and the 
amount of olivine crystallization (Fig. 10). The 1955 lavas, and 
those of episode 1 and episode 54 of the current eruption, plot 
off the melting + olivine fractionation trend to higher Nd at a 
given Sr content. The Sr-Nd compositions of the 1955 lavas are 
consistent with 30−40% fractional crystallization of a gabbroic 
assemblage consisting of subequal proportions of plagioclase and 
augite, with minor olivine and low-Ca pyroxene from an olivine 
tholeiite parental magma (Fig. 10). The mesostasis compositions 
of the Kilauea 1955 lavas, as measured by LA-ICPMS, extend 
to even more fractionated compositions (Table 3, Fig. 10). The 
compositions of episode 1 and 54 lavas probably reß ect mixing 
between primitive and evolved melt compositions, as the erup-
tion accessed pockets of stored, fractionated magma along the 
rift (Garcia et al. 2000; Thornber et al. 2003). 

TABLE 8.  A comparison of partition coeffi  cients for divalent cations 
in olivine from experiments, calculated based on a lattice 
strain model, and measured in Kilauea 1955 olivine

 55B LSM BFR91 CMT88 NGN92 J84 HD78

Ni 24.7 7.79 17.4   19.4 17.89
Zn 1.59 5.29
Ca 0.024 0.029 0.049 0.030 0.030
Mn 1.69 1.68 1.58 1.13 1.55 1.49
Co 5.15 5.04 4.57
Al 0.0021 0.022*  0.0057 0.012
Sc 0.186 0.38 0.36 0.24 0.32
Cr 1.32 1.51

Notes: 55B = olivine grain B from Kilauea 1955 sample 8 (Table 7); LSM=lattice 
strain model of Beattie (1994). D(Sc) and D(Cr) based on D(Al) =0.022 from ex-
periment L2 of Beattie (1994); BFR91 = regression of Beattie et al. (1991); CMT88 
= average of experiments by Colson et al. (1988) with <8 wt% MgO in the melt; 
NGN92 = average results of Nielsen et al. (1992) using an evolved Kilauea start-
ing composition; J84 = regression of Jones (1984); HD78 = regression of Hart 
and Davis (1978).

FIGURE 9. A comparison of D-values for divalent cations in 
plagioclase predicted by a lattice strain model with those measured in 
the Kilauea 1955 lavas. The measured DMg value may be too low due 
to use of the whole rock MgO value for calculation of the D-value. 
Partitioning relations are consistent with a predominance of Fe2+ in the 
1955 plagioclase. Lead is less compatible than predicted by the model. 
The value for DEu falls between the trends for divalent and trivalent 
cations, indicating a mixture of Eu2+ and Eu3+. The relative proportions 
of Eu2+ and Eu3+, and Fe2+ and Fe3+ implied by the partitioning relations 
indicates these plagioclases crystallized at fO2

 close to FMQ. Ionic radii 
for eightfold coordination are from Shannon (1976), elastic parameters 
are from Blundy and Wood (1994), and ro = 0.121.
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Most of the trace-element and isotopic variability of Kilauea 
olivine tholeiites can be attributed to variable melting of hetero-
geneous sources (Clague et al. 1995; Pietruszka and Garcia 1999; 
Garcia et al. 2000), although mixing between evolved and more-
primitive magmas was an important process during the early 
episodes of the current eruption (Garcia et al. 1992). The elevated 
contents of incompatible lithophile elements in the 1955 lavas 
are consistent with extensive fractional crystallization; however, 
the high La/Yb of these lavas suggest that their parental magmas 
may have been produced by smaller degrees of melting than that 
inferred for the lavas from the current eruption (Figs. 1 and 10). 
Although differentiated lavas from only two rift-zone eruptions 
have been well characterized for trace-element compositions, 
the similar compositional characteristics of lavas from the 1955 
eruption and the hybrid lavas produced during Puʼu Oʼo episode 
1 and 54 raise the possibility that rift zone magmas produced 
by smaller extents of melting may have a tendency to become 
more highly fractionated than magmas formed by larger degrees 
of melting. This might be explained by longer crustal-residence 
times for magmas produced by smaller degrees of melting during 
episodes of reduced magma inß ux. 

Alternatively, the higher La/Yb of the differentiated rift 

zone lavas may be related to the systematic source-related 
decrease in La/Yb ratios displayed by historical Kilauea lavas 
(Pietruszka and Garcia 1999; Garcia et al. 2000), without any 
speciÞ c genetic link to degree of partial melting. In either case, an 
extended period of crustal residence (compared to the residence 
time of magma in the summit reservoir) seems to be important 
to account for the fractionated compositions of the 1955 and 
episodes 1 and 54 lavas. Attempts have been made to relate 
the from Pu`u O`o episode 1 and 54 lavas to parental magmas 
sampled by previous east rift zone eruptions. Episode 1 lavas 
(1983) have some compositional similarities to those from the 
1977 eruption (Garcia et al. 1989), although the 1977 lavas are 
also fractionated and their parentage remains uncertain. The 
evolved end-member to the hybrid episode 54 lavas (1997) has 
trace element characteristics similar to those of more MgO-rich 
lavas erupted from the summit in 1961 and 1968 (Thornber et 
al. 2003), perhaps suggesting storage and evolution of these 
magmas in the rift for ~30 years.
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