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INTRODUCTION

The fi eld of comparative planetology has used knowledge 
from well-studied geologic systems on the earth, in conjunc-
tion with analyses of small extraterrestrial samples, to make 
implications for planetary environments where we have little 
information about system variables and petrologic processes. 
For example, some workers have used microbeam analyses of 
individual minerals in terrestrial and extraterrestrial samples to 
compare basaltic systems on different planetary bodies (e.g., 
Papike 1981, 1996, 1998; Papike et al. 1998, 2003). More spe-
cifi cally, these workers have used the compositions and atomic 
structures of individual minerals to obtain information about the 
physical and chemical conditions under which basaltic systems 
formed and evolved.

We propose that another tool can be added to this petrologic 
skill set by using variations in the concentrations of trace ele-
ments in olivines and glasses to identify the effects of petrologic 
processes in basaltic systems. This can be accomplished by using 
detailed observations and measurements from a closed basaltic 
system (i.e., Makaopuhi Lava Lake, Hawaii) to test the impact 
of complexing factors on partitioning behavior of trace elements 
between olivines and melts. We show that deviations from the 
expected partitioning behavior of trace elements between oliv-

ines and melts (i.e., glasses) can be used to identify the effects 
of gravitational settling, convective transport, fi lter pressing, 
mineral-melt interface kinetics, and unintentional analysis of 
submicroscopic melt inclusions. These fi ndings, in turn, can be 
used to interpret the results of microbeam analyses of extrater-
restrial samples, such that the effects of both large-scale and 
small-scale processes can be identifi ed in basaltic systems on 
other planetary bodies.

MAKAOPUHI LAVA LAKE

Hawaiian lava lakes are unique natural laboratories that il-
lustrate the physical and chemical evolution of closed basaltic 
systems. One of the best-studied lakes is the Makaopuhi Lava 
Lake (MLL), which was formed during the 1965 eruption of 
the Kilauea volcano (Wright and Okamura 1977). This 365 m 
diameter, 83 m deep, lava lake was studied in great detail by the 
United States Geological Survey (USGS) between March 1965 
and February 1969. During that time, the USGS took direct 
measurements of the lava lake’s temperature, oxygen fugacity, 
volatile content, petrography-chemistry, viscosity, and density 
(Wright and Okamura 1977). Information derived from these 
observations shows that gravitational settling, convective fl ow, 
and the formation of liquid segregations via fi lter pressing, 
played signifi cant roles in the evolution of the MLL (Wright 
and Okamura 1977). These detailed physical and chemical 
measurements from the MLL, provide a natural laboratory for * E-mail: jhagerty@lanl.gov
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observing the chemical and physical changes that occur in an 
evolving basaltic magma. We use this information, along with 
microbeam analyses of silicate phases (e.g., Papike 1981, 1996, 
1998; Papike et al. 1998, 2003), to make a correlation between 
well-documented petrologic processes and information retained 
in the trace-element record of olivines and glasses. We use 
olivines and glasses for this task because these phases retain a 
record of the MLL’s entire petrologic history (Wright and Oka-
mura 1977). We use trace-element concentrations in this study 
because they are very sensitive to the processes of magmatic 
differentiation (Hess 1989).

ANALYTICAL APPROACH

All of the samples analyzed in this study were selected based on their collection 
temperatures and glass abundance. All analyzed samples contain at least 18% glass, 
thus making it possible to determine the olivine-melt distributions of major, minor, 
and trace elements. Samples M-18, M23-24, M21-26, M22-18, M1-6, and M5-13 
were collected at temperatures between 1160 and 1050 °C (see Table 1) and at an 
oxygen fugacity between the FMQ and Ni-NiO buffers (see Fig. 1).

The concentrations of selected major, minor, and trace elements were measured 
in both glass and olivine. All samples were imaged and mapped for textural and 
mineralogical characteristics using a JEOL 5800LV scanning electron microscope 
(SEM) with an attached Oxford Isis Series 300 energy dispersive microanalytical 
system. The SEM was optimized for high-resolution imaging, which requires a 20 
kV acceleration voltage, a sample current of 20 nA, a spot size of 8–10 µm, and a 
working distance of 8–16 mm.

The major- and minor-element concentrations were obtained by using a JEOL 
JXA-8200 electron probe microanalyzer at the University of New Mexico. This 
instrument is equipped with a back-scattered electron detector, a thin-window 

energy dispersive spectrometer (EDS), and fi ve wavelength dispersive spectrom-
eters (WDS). The following analytical conditions were used during this study: 
15 kV accelerating voltage, a 20 nA beam current, a 1 µm spot size for analyses 
of minerals, and a 10 µm spot size for analyses of glass. The larger spot size for 
the glass analyses reduces loss of volatile and moderately volatile species such as 
K2O, P2O5, Na2O, and H2O.

Trace-element concentrations in the Makaopuhi samples were measured using 
a Cameca ims 4f secondary ion mass spectrometer (SIMS) located at the University 
of New Mexico. The primary ion beam consisted of mass-fi ltered 16O– ions, which 
were accelerated through a nominal potential of 10 kV. Sputtered secondary ions 
were energy fi ltered using a sample-offset voltage of –75 V as well as an energy 
window of ±25 V. A beam current of 15 nA and a beam size of ~15 µm were used 
to measure 39K, 51V, 52Cr, 55Mn, 59Co, 60Ni, 89Y, 147Sm, and 232Th in olivine and glass. 
During these measurements, background peak positions were counted to monitor 
detection noise. Absolute concentrations of each element were calculated using 
empirical relationships of trace element/30Si+ ratios, which in turn were normalized 
to SiO2 content derived from electron microprobe analyses. The trace-element 
concentrations of the glass and olivine standards span a large range of compositions 
and bracket the range of compositions expected in the unknowns. All analytical 
errors are reported as 1-sigma standard deviations (STD).

RESULTS

Major and minor elements

Glass. Major-element concentrations in glasses from the 
Makaopuhi Lava Lake show a variety of changes as a function 
of temperature (Table 2; Figs. 2a and 2b). The concentrations of 
K2O, Na2O, P2O5, and FeO in the glass increase with decreasing 
temperature (Figs. 2a and 2b). Conversely, the concentrations of 
Al2O3, CaO, and MgO all decrease with decreasing temperature 
(Figs. 2a). The concentration of TiO2 increases in the glass with 
decreasing temperature through 1070 °C and then decreases due 
to the crystallization of ilmenite (Fig. 2a).

Olivine. All of the olivines analyzed in this study show 
limited variations in the concentrations of major elements (i.e., 
limited zoning) and hence they exhibit a relatively restricted 
range in forsterite content (Fo81 to Fo78). However, Wright and 
Okamura (1977) showed that olivine compositions range from 
Fo85 to Fo50. The wide compositional range measured by Wright 
and Okamura (1977) could be a function of analyzing partially 
resorbed olivines in relatively low-temperature samples, which 
we avoided intentionally. The olivines analyzed in this study 
show little or no variation in CaO (0.26–0.33 ± 0.04 wt%), MnO 
(0.24–0.28 ± 0.03 wt%), TiO2 (0.01–0.08 ± 0.01 wt%), and Cr2O3 

(0.01–0.03 ± 0.01 wt%). The olivine grains show no signifi cant 
changes in the major-element concentrations with decreasing 
temperature or with changes in depth.

Trace elements

Glass. Glass analyses were collected adjacent to the olivine 
phenocrysts (i.e., within 15–50 µm) and along traverses away 
from growth surfaces of the phenocrysts (Fig. 3) to determine 
if there is a compositional gradient between the olivines and the 
adjacent melts. The ion-microprobe results from this study show 
that the glasses adjacent to olivine grains in sample M-18 (i.e., the 
highest temperature sample) have surprisingly high concentra-
tions of incompatible trace elements compared to the glasses in 
other Makaopuhi samples and to other regions of glass within 
M-18 (Tables 3 and 4; Figs. 4a and 4b). In other words, the data 
show that the trace-element concentrations in the glasses vary 
as a function of distance from the olivine phenocrysts. Regions 

FIGURE 1. Log fO2
 vs. temperature diagram showing the calculated 

oxygen fugacities for samples from the Makaopuhi Lava Lake. The 
equation of Sato and Wright (1966) was used to calculate fO2

.

TABLE 1.  Sample description (see Wright and Okamura 1977 for 
details)

 M-18 M23-24 M21-26 M22-18 M1-6 M5-13
Collection Temp (°C) 1160* 1145† 1130* 1110* 1070‡ 1050‡
Collection depth (ft) surface 24 26 21 7 11
Glass (modal %) 86 80 75 72 40 18
Olivine (modal %) 5.5 2 3 2 1.5 1.6
Augite (modal %) 6.2 8 12 14 36 45
Plagioclase (modal %) 0.4 7 10 12 20 29
Ilmenite (modal %) – – – – 1 6
Others (modal %) 1.9 3 – – 1.5 0.4
* Reported by Wright and Okamura (1977).
† Calculated by Wright and Okamura (1977), assuming >78% glass in the 
sample.
‡ Reported by Hakli and Wright (1966).
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of glass far from olivine phenocrysts (i.e., “normal glass” in 
Table 4) are compositionally similar to one another, whereas 
glasses within 15–50 µm (i.e., “Ol-glass” in Table 4) show a 
compositional gradient. The magnitude of the compositional 
difference between glasses far from phenocrysts and those near 
phenocrysts decreases with decreasing temperature. Wright 
and Okamura (1977) indicated that sample M-18, which was 
collected at the time of the eruption, represents the initial melt 
composition, which means that the glasses in sample M-18 pro-
vide compositional baselines against which lower-temperature 
glass compositions can be compared.

Glasses in low-temperature samples from MLL show a sub-
stantial increase in the concentrations of incompatible elements 
such as Y, Ce, Sm, Eu, Yb, and Th (Table 3; Figs. 4a and 4b), 
compared to high-temperature samples. Yttrium, Ce, Sm, Eu, Yb, 
and Th are deemed incompatible because they do not easily fi t 
into the crystal structures of the crystallizing mineral assemblage 
and are therefore concentrated in the residual magma. However, 
the concentrations of V, Mn, Ni, and Co, as expected, are affected 
by the crystallization of specifi c minerals. For example, below 
1070 °C, V, Mn, Ni, and Co show a sharp decrease in their con-
centrations (Figs. 4a and 4b). The decreasing concentrations of 
these elements are coincident with the crystallization of ilmenite. 
The signifi cant decrease in the concentration of Cr with decreas-
ing temperature (Fig. 4a) may be also interpreted as being caused 
by the simultaneous crystallization of at least three minerals that 

preferentially incorporate Cr into their structures (i.e., pyroxene, 
chromite, and ilmenite).

Previous studies of Ni and Co behavior in basaltic systems 
show that the concentrations of Ni, and to a lesser extent Co, 
should decrease in the melt as a function of olivine crystalliza-
tion (Papike et al. 1999). The behavior of Ni in olivine during 
the petrogenesis of basalts has been well documented by Hart 
and Davis (1978), Kinzler et al. (1990), and Papike et al. (1999). 
The distribution of Ni between olivine and melt is dependent on 
composition (i.e., MgO content) but shows little or no depen-
dence on temperature or pressure (Hart and Davis 1978). Figure 
4a indicates that the glasses from the MLL show a decrease in 
the concentration of Ni with decreasing temperature but a slight 
increase, followed by a decrease, in the concentration of Co with 
decreasing temperature.

Olivine. Small, unzoned olivine grains from sample M-18 
show unusual trace-element concentrations with respect to 
olivine grains in the other Makaopuhi samples (Table 5; Fig. 
5). For example, the concentrations of incompatible elements 
such as Y, Sm, and Th are anomalously high in M-18, whereas 
the concentrations of compatible elements such as Ni, Co, and 
Mn are lower than expected (Table 5; Fig. 5). If the olivine 
grains in M-18 were among the fi rst olivines to crystallize 
from the lake, they should be relatively enriched in compatible 
elements compared to olivine grains in other MLL samples. 
The anomalous concentrations described above can be seen in 

FIGURE 2. Major element composition of the basaltic glass plotted as a function of decreasing temperature. (a) Note the decrease in the 
concentration of TiO2 after ilmenite comes onto the liquidus (i.e., after 1070 °C). (b) K2O and Na2O concentrations increase in the glass with 
increasing crystallization.

TABLE 2. Major element concentrations in basaltic glass (wt%) 
Sample SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O P2O5 Total XMg (N)
M-18 (1160 °C) 50.3 2.7 13.6 11.5 5.9 11.0 2.3 0.53 0.17 98.0 48 15
1-sigma STD 0.36 0.17 0.47 0.66 0.75 0.33 0.19 0.08 0.02 0.57  
M23-24 (1145 °C) 50.8 3.2 13.4 11.7 5.7 10.3 2.4 0.65 0.17 98.3 47 15
1-sigma STD 0.55 0.12 0.19 0.60 0.31 0.15 0.13 0.04 0.03 0.74  
M21-26 (1130 °C) 50.6 3.5 13.7 11.4 5.8 10.0 2.6 0.69 0.15 98.5 46 12
1-sigma STD 0.11 0.04 0.22 0.36 0.31 0.12 0.07 0.03 0.00 0.26  
M22-18 (1110 °C) 50.5 3.7 13.3 12.0 5.3 9.5 2.7 0.81 0.17 98.0 44 27
1-sigma STD 0.23 0.04 0.11 0.32 0.17 0.08 0.04 0.03 0.01 0.41  
M1-6 (1070 °C) 50.5 5.1 12.1 13.8 5.1 8.4 2.9 1.09 0.23 99.2 35 15
1-sigma STD 0.40 0.10 0.19 0.57 0.14 0.09 0.15 0.05 0.03 0.76  
M5-13 (1050 °C) 50.9 3.0 11.3 14.9 4.2 7.6 3.6 1.92 0.54 98.0 35 15
1-sigma STD 0.52 0.30 0.77 0.60 0.54 0.34 0.53 0.08 0.06 0.67  
Note: (N) = number of analyses. XMg = mol%[MgO/(MgO + FeO)] × 100.

a b
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Figure 6, which shows the unusual Y and Ni concentrations in 
sample M-18 relative to the other samples. Figure 6 also shows 
that the range of trace-element compositions in the olivines 
becomes larger with decreasing temperature (e.g., the range of 
Ni concentrations in sample M23-24 is smaller than the range 
seen in sample M1-6).

Olivine grains in sample M23-24 are small, unzoned, and 
exhibit high concentrations of compatible elements such as Ni 
and Co, as well as low concentrations of incompatible elements 
such as Y and Th (Fig. 5). Thin sections from M21-26, M22-18, 
M1-6, and M5-13 have large olivine crystals that appear to be 
zoned with respect to trace-element concentrations. These large 
olivine phenocrysts have K, V, Y, Sm, and Th concentrations that 
increase from core to rim, whereas the concentrations of Mn, 
Co, and Ni decrease from core to rim (Table 5). Inspection of 
Table 5 shows that Cr concentrations in the large olivine grains 
decrease from core to rim but that the absolute concentrations of 
Cr also increase with decreasing temperature. The increase in Cr 
concentration with decreasing temperature appears to be related 
to the abundance of chromite inclusions within the analyzed 
olivine grains, which increases curiously from high-temperature 
to low-temperature samples (e.g., Wright and Okamura 1977).

DISCUSSION

Three large-scale differentiation processes were observed 
during the USGS study of the Makaopuhi Lava Lake, including 
gravitational settling, convective fl ow, and formation of liquid 
segregations via fi lter pressing (Wright and Okamura 1977). We 
use information about these geologic processes and the associ-
ated system variables (e.g., Wright and Okamura 1977), along 
with variations in the concentrations of major, minor, and trace 
elements, to determine how gravitational settling, convective 
fl ow, liquid segregations, mineral crystallization, and mineral-

TABLE 3. Trace element concentrations in basaltic glass (ppm)
Sample K V Cr Mn Co Ni Y Ce Sm Eu Yb Th Th/Sm (N)
M-18 (1160 °C) 4827 320 264 1451 59.2 232 29.3 39.8 6.4 2.4 2.3 1.8 0.28 5
1-sigma STD 52.9 4.7 7.1 38.5 5.8 20.3 1.6 1.0 0.64 0.02 0.02 0.2 0.03 
M-18 (1160 °C)# 4660 339 265 1435 69.5 243 22.5 38.7 6.3 2.4 2.8 1.2 0.28 4
1-sigma STD 134 8.6 3.4 3.4 1.1 3.0 0.55 1.7 0.09 0.07 0.20 0.02 0.01 
M23-24 (1145 °C) 5634 320 116 1524 65.2 223 36.4 50.7 7.8 3.0 3.1 1.9 0.24 5
1-sigma STD 20.3 9.2 9.3 52.5 0.9 8.0 2.8 0.61 0.47 0.04 0.01 0.10 0.02 
M21-26 (1130 °C) 5516 336 107 1647 60.7 216 35.1 53.3 8.5 3.1 3.0 2.0 0.24 5
1-sigma STD 76.7 3.5 4.6 28.6 4.4 2.7 2.9 0.79 0.60 0.08 0.20 0.22 0.02 
M22-18 (1110 °C) 6432 337 58 1754 65.6 208 35.3 57.1 9.0 3.7 3.6 2.2 0.23 5
1-sigma STD 89.2 7.1 2.5 23.2 2.1 1.8 2.3 1.9 0.75 0.07 0.02 0.36 0.03 
M1-6 (1070 °C) 8750 392 16 2063 74.3 205 48.5 72.2 10.5 4.1 4.0 2.4 0.23 5
1-sigma STD 183 7.2 1.1 18.5 1.1 5.3 1.7 3.6 0.55 0.08 0.25 0.29 0.02 
M5-13 (1050 °C) 12011 244 10 1794 58.9 165 66.9 99.1 12.0 5.5 5.2 2.9 0.24 5
1-sigma STD 788 6.5 0.37 50.3 1.1 2.6 2.3 2.0 0.62 0.19 0.45 0.11 0.01 
Notes: (N) = number of analyses; # = Glass analyses conducted >15 micrometers away from phenocrysts.

TABLE 4. Glass compositions in sample M-18 (ppm)
Sample V Cr Mn Co Ni Y Sm Th
M-18 Ol-glass 343 253 1430 49.6 191 35.6 7.3 2.4
M-18 Ol-glass 347 251 1410 44.5 191 35.6 6.9 2.7
M-18 Ol-glass 342 252 1390 41.1 191 35.8 7.8 2.4
M-18 Ol-glass 345 254 1399 48.2 191 35.6 7.4 2.5
M-18 Ol-glass 346 254 1435 47.4 190 36.5 7.6 2.2
 Average 345 253 1413 46.2 191 35.8 7.4 2.4
M-18 Normal glass 341 262 1433 69.0 240 22.8 6.3 1.2
M-18 Normal glass 338 262 1439 68.6 245 22.2 6.1 1.2
M-18 Normal glass 336 268 1437 69.5 244 22.9 6.3 1.2
 Average 338 264 1437 69.0 243 22.6 6.2 1.2

FIGURE 3. Back-scattered electron image of a large olivine grain in 
sample M21-26. The consecutive dots in this image represent microbeam 
traverses from olivine into glass. The large black dots represent SIMS 
points and the small white dots represent electron microprobe points. 
Analytical points in the glasses were conducted separately from the 
olivine analytical points due to differences in the analytical conditions. 
The two points in the upper right portion of the image represent SIMS 
and electron microprobe points that were taken to determine the glass 
composition far away from any phenocrysts.
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melt interface kinetics can affect the trace element record of a 
closed, basaltic system.

MECHANISMS AFFECTING THE DISTRIBUTION OF     
MAJOR, MINOR, AND TRACE ELEMENTS

Mineral crystallization and fi lter pressing. The basaltic 
glasses in the Makaopuhi samples have major-, minor-, and 
trace-element concentrations that vary as a function of mineral 
crystallization. The effects of mineral crystallization can be seen 
in a direct comparison of Figure 7 with Figures 2a, 2b, 4a, and 
4b. A comparison of Figures 7 and 2a shows that the continuous 
decrease in the concentrations of both Al2O3 and CaO in the glass 
corresponds to and refl ects the gradual increase in plagioclase 
abundance with increasing crystallization. A comparison of Fig-
ures 7 and 4a shows that the decrease in Cr concentration in the 
glass coincides with the increasing crystallization of chromite, 
augite, and ilmenite (Fig. 7), all of which preferentially incorpo-
rate Cr into their mineral structures (Ringwood 1970; Hart and 
Dunn 1993). A comparison of Figures 7, 2a, and 4a shows that 
the concentrations of TiO2, V, Mn, Co, and Ni increase in the 
glass with decreasing temperature until ilmenite begins to crys-
tallize at approximately 1070 °C. As expected, these examples 
show various ways in which mineral crystallization can affect 
the trace-element record of the evolving basaltic melt. We can 
use these expected behaviors and processes to help identify other 
petrologic mechanisms in the MLL.

For example, we assume that the amount of crystallization 
that a given sample has experienced should be directly propor-
tional to the percentage of glass remaining in that sample. In 
other words, if a given sample has seen 70% crystallization, 
we would expect to see approximately 30% glass remaining 
in that sample. Given this information, it should be possible to 
calculate the amount of crystallization that a given sample has 
experienced. The degree of crystallization can be determined by 
solving the basic crystallization equation [Cl/Co = F(D

–
–1)] for F. 

Here, Cl = concentration of element in the melt, Co = concentra-
tion of element in the parent, D– = bulk partition coeffi cient, and 
F = fraction of melt remaining. This crystallization equation can 

be simplifi ed to Cl/Co = F by eliminating the bulk partition coef-
fi cient. The bulk  D–-value can be eliminated if the elements of 
interest are incompatible in the crystallizing mineral assemblage 
(i.e., the bulk  D–-value is zero). Fortunately, Y and Ce are both 
highly incompatible in olivine, plagioclase, pyroxene, chromite, 
and ilmenite, which means that the bulk  D– -values for Y and Ce 
are essentially zero for the crystallizing mineral assemblage. The 
variable, Co, represents the concentration of Y and Ce in basaltic 
glass in sample M-18 (i.e., the initial melt composition or parent); 
whereas Cl represents the concentrations of Y and Ce in the other 
Makaopuhi samples (i.e., the residual melts). Dividing Cl by Co 
produces values of F that are plotted in Figure 8.

Figure 8 compares the calculated F value (percent melt 
calculated) to the percentage of glass that is present in a given 
sample (see Table 1 for glass abundance). If crystallization is the 
dominant mechanism in the Makaopuhi Lava Lake, the calculated 
melt (F) should plot on a 1:1 line with the modal abundance of 

FIGURE 4. Trace-element composition of the basaltic glass plotted as a function of temperature. (a) Note the unusual concentrations of samples 
M-18 and M5-13. (b) The concentration of each element increases with decreasing temperature, thus refl ecting the incompatible nature of the 
elements with respect to olivine, pyroxene, plagioclase, and ilmenite.

FIGURE 5. Trace-element concentrations in olivine plotted as a 
function of temperature. The concentrations of several elements were 
adjusted so that all elements could be plotted on the same diagram. Note 
the concentration variations in the high- and low-temperature samples. 
The unusual pattern for Cr may be affected by chromite inclusions.

a b
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glass (Fig. 8). Figure 8 shows that the percentages of melt and 
glass agree quite well in the high-temperature sample (1145 
°C). However, as the temperature decreases, the Makaopuhi 
samples deviate signifi cantly from the idealized line (Fig. 8), 
indicating that the amount of glass observed in the samples is 
less than what was calculated using the crystallization equation. 
One way to reduce the amount of melt in any given sample is 
through fi lter pressing, a mechanism that led to the production of 
segregation veins at the MLL (e.g., Wright and Okamura 1977). 
Filter pressing occurs when a given mass compresses a mixture 
of minerals and melt, forcing the melt toward regions of lower 
pressure (Hess 1989). The mineral assemblage that is left behind 
will have a relatively low modal abundance of glass, similar to 
what we see in samples from the MLL.

Gravitational settling and convective transport. Previ-
ous studies of MLL have shown that gravitational settling and 
convective transport of olivine played an important role in the 
evolution of the lava lake (e.g., Wright and Okamura 1977). 
Wright and Okamura (1977) showed that large olivine pheno-

crysts (i.e., >1 mm) became concentrated near the bottom of the 
lake, while smaller olivine grains may have been transported, 
along with augite and plagioclase, to other portions of the lake via 
convective fl ow. If these processes did indeed play major roles in 
the evolution of the lava lake, many of the olivines would have 
been separated from their parental liquids and would therefore 
be out of equilibrium with the melts/glasses that they currently 
are located next to.

Previous workers have shown that if olivine phenocrysts 
are in equilibrium with the adjacent melt, the calculated Fe-Mg 
exchange coeffi cient (KD) between olivine and the adjacent 
melt should equal 0.30 ± 0.03 (i.e., Roeder and Emslie 1970). 
However, the exchange KD for the highest temperature sample 
(M-18) is much lower (0.21) than the equilibrium value of 0.30 
± 0.03 (see Table 6), thus indicating that the olivines in M-18 
were not in equilibrium with the adjacent melt. The observed 
disequilibrium could be a result of olivine grains forming in 
the magma prior to eruption into the lava lake (e.g., McBirney 
1984). This assertion is supported by the presence of partially 

TABLE 5. Trace element concentrations in olivine (ppm)
Sample K V Cr Mn Co Ni Y Sm Th (N)
M-18 (1160 °C) 83.1 30.0 226 2251 290 2566 1.4 1.6 0.85 6
1-sigma STD 9.7 5.5 16.3 135 19.4 87.2 0.64 0.11 0.04 
M23-24 (1145 °C) 6.0 14.6 174 2994 347 2686 0.36 0.76 0.36 6
1-sigma STD 0.76 0.81 11.8 119 7.8 55.20 0.02 0.03 0.04 
M21-26 (1130 °C) 5.8 16.6 268 2902 344 2677 0.38 0.56 0.29 8
1-sigma STD 1.04 1.73 21.9 143 12.6 112 0.02 0.02 0.03 
Core avg. 2.6 16.0 281 2942 347 2760 0.29 0.55 0.29 
Rim avg. 4.9 17.3 256 2848 340 2594 0.33 0.57 0.28 
M22-18 (1110 °C) 4.7 18.1 319 2769 324 2471 0.25 0.61 0.32 7
1-sigma STD 0.57 0.68 30.7 58.3 8.6 115 0.02 0.05 0.02 
Core avg. 4.6 18.1 328 2788 326 2560 0.25 0.60 0.32 
Rim avg. 4.9 18.2 313 2749 321 2404 0.26 0.62 0.32 
M1-6 (1070 °C) 24 17.0 365 2428 310 2432 0.26 0.49 0.26 9
1-sigma STD 3.96 1.01 37.0 212 25.8 104 0.03 0.07 0.03 
Core avg. 25 16.8 383 2606 324 2489 0.26 0.49 0.24 
Rim avg. 28 17.2 342 2285 298 2360 0.26 0.54 0.26 
M5-13 (1050 °C) 9.6 14.2 374 2444 329 2521 0.25 0.46 0.20 8
1-sigma STD 1.91 1.5 42 408 18 102 0.01 0.06 0.01 
Core avg. 7.87 12.6 384 2537 335 2603 0.23 0.43 0.19 
Rim avg. 11.35 15.7 365 2338 320 2438 0.27 0.50 0.21 
Note: (N) = number of analyses.

FIGURE 6. Concentrations of Y and Ni in olivine. The data for 
sample M-18 are affected by melt inclusions that have trace-element 
concentrations similar to the bulk melt. Note the wide range in the Ni 
concentrations for sample M5-13.

FIGURE 7. Variation of the modal abundances as a function of 
temperature. Note that ilmenite increases in abundance from 1 to 6% 
between 1070 and 1050 °C. The drastic increase in ilmenite crystallization 
signifi cantly depletes the concentrations of several elements in glasses 
at 1070 and 1050 °C.
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resorbed phenocrysts in some of the high-temperature samples 
(e.g., Fig. 9).

Sample M23-24 has a KD of approximately 0.27, which is 
within the ±0.03 range of equilibrium described by Roeder 
and Emslie (1970) (Table 6). However, the other samples have 
exchange KD values that become progressively lower with 
decreasing temperature (Table 6). Table 6 shows that the two 
lowest temperature samples (M1-6 and M5-13) are farthest from 
the equilibrium values, thus suggesting that early crystallizing 
olivine settled under the infl uence of gravity into melt that was 
not in equilibrium with the olivine. This observation is refl ected 
in the Ni and Co abundances in the melt (Fig. 4a; Table 3), which 
do not decrease in the melt as would be expected if olivine had 
crystallized from the adjacent melt (e.g., Papike et al. 1999). 
Figure 6 also shows that lower-temperature samples from the 
MLL have a larger range of Ni concentrations in olivine than 
do the higher-temperature samples. The increase in the range of 
Ni concentrations in the olivines with decreasing temperature 
indicates that the olivine grains formed from different melts with 
different Ni concentrations.

Figure 4a shows that the Cr concentration in the glasses 
decreases with the increasing crystallization and Table 5 shows 
that the absolute concentration of Cr in olivine increases with 
decreasing temperature. In other words, Cr-rich olivines in low 
temperature samples are directly adjacent to relatively Cr-poor 
glasses. Because olivine does not incorporate Cr as effi ciently as 
pyroxene, ilmenite, and spinel, it is assumed that the Cr deple-
tion in the adjacent glasses is not a result of olivine crystalliza-
tion. These olivines must have formed from relatively Cr-rich 
melts, which our data indicate were present at the early stages 
of crystallization (see Fig. 4a). This information, in conjunction 
with the exchange KD values and Ni and Co concentration data 
in the low-temperature samples, indicates that these olivines are 
out of equilibrium with the adjacent melts and must have been 
transported to different portions of the lake via gravitational 

settling and/or convective fl ow.
Mineral-melt interface kinetics. The trace-element data 

from this study show that there are compositional gradients be-
tween olivine phenocrysts and adjacent glasses in sample M-18 
(e.g., Table 4). These compositional gradients could be the result 
of mineral-melt interface processes such as disequilibrium-in-
duced diffusion (e.g., Chakraborty 1995). Recall that some of 
the olivine phenocrysts in the MLL sample are partially resorbed 
(Fig. 9), which indicates that the olivines were not in equilibrium 
with the surrounding melt (e.g., McBirney 1984). The lack of 
equilibrium between the olivines and the surrounding melt most 
likely led to diffusion (e.g., Kirkpatrick 1977; Chakraborty 1995; 
Bindeman and Davis 1999). As diffusion began, incompatible 
trace elements were mobilized preferentially (e.g., Bindeman 
and Davis 1999), thus creating a boundary layer between the 
olivine and the melt. The resulting boundary layer would have 
high concentrations of incompatible trace elements but low 
concentrations of compatible trace elements, similar to what 
we see in sample M-18. The interplay between crystal-growth 
rate, trace-element diffusion, and interface attachment has been 
shown to control the composition of the growing phenocryst and 
the residual melt (e.g., Grove and Raudsepp 1978). Knowledge 
of these kinetic controls makes it possible to determine if large 
or small-scale mechanisms are responsible for variations in the 
trace-element record. In other words, if mineral-melt interface 
reactions are responsible for variations in the trace-element re-
cord of a given sample, the glass analyses will have anomalously 
high concentrations of incompatible elements and anomalously 
low concentrations of compatible elements.

Apparent distribution coeffi cients

As we have shown above, a suite of related samples from 
a basaltic system can be used to obtain a wealth of informa-
tion about the petrogenesis of that system. However, in many 
instances, samples from other planetary bodies are small and 
compositionally unique, thus making it diffi cult to relate samples 
to one another, let alone obtain petrogenetic information from 
those samples. However, if a given sample contains abundant 
glass (i.e., >18 modal%) it will be possible to calculate mineral-
melt distribution coeffi cients, which can provide information 
about the petrogenesis of a given sample. This is because min-
eral-melt distribution coeffi cients for trace elements (D-values) 
can be used to test and evaluate models of igneous processes 
(Grove and Bence 1979). The traditional method for calculat-
ing D-values involves dividing the concentration of element x 
in a given mineral by the concentration of the same element 
in the adjacent glass. However, as we have noted above, there 
are several complicating factors that must be considered when 
calculating D-values. For instance, diffusion, interface-attach-

FIGURE 8. Comparison of calculated melt remaining vs. the amount 
of glass that currently exists within the Makaopuhi thin sections. The 
percentage of melt remaining was calculated by dividing the trace-
element concentration in the glass of sample M-18 by the trace-element 
concentrations in the glasses of the other Makaopuhi samples. Ideally, 
the percent melt remaining should be equal to the percentage of glass 
in the sample. Deviation from the 1:1 line can provide petrogenetic 
information (see text for discussion).

TABLE 6. Fe-Mg data for olivine and glass
Sample MgO wt%  FeO wt%  MgO wt%  FeO wt%  KD

 (Olivine) (Olivine) (Glass) (Glass)
M-18 (1160 °C) 41.5 17.0 5.9 11.5 0.21
M23-24 (1145 °C) 38.9 21.2 5.7 11.7 0.27
M21-26 (1130 °C) 40.4 19.9 5.8 11.4 0.25
M22-18 (1110 °C) 40.1 21.3 5.3 12.0 0.23
M1-6 (1070 °C) 40.3 19.3 5.1 13.8 0.18
M5-13 (1050 °C) 40.6 20.1 4.2 14.9 0.14
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ment mechanisms, and microscopic melt-inclusions can produce 
anomalously high D-values in some samples (e.g., Shimizu et 
al. 1982). D-values can be also compromised if the analyzed 
minerals were not in equilibrium with the surrounding melt. As 
we have discussed in this paper, factors such as gravitational 
settling and convective fl ow can transport minerals to regions of 
the lake that have seen previous enrichments and/or depletions 
of specifi c trace elements.

D-values that are compromised by the disequilibrium between 
minerals and their surrounding melts are referred to as apparent 
D-values (Albarede and Bottinga 1972). Most workers view 
apparent D-values as meaningless; however, we propose that 
apparent D-values can be used to obtain information about the 
mechanisms that have acted on the basaltic system, especially 
when other physical and chemical data are unavailable. More 
specifi cally, we can use information about the way in which 
the apparent D-values (Table 7) deviate from the reference D-
values (Table 8) to determine what mechanisms have affected 
the system.

It should be noted, however, that some apparent D-values 
can be infl uenced artifi cially by the analytical procedure itself. 
For instance, a depth-penetrating ion beam (i.e., SIMS beams) 
can incorporate small-scale melt inclusions that are not visible 
at the surface of the sample. The same SIMS beam may also 
incorporate the effects of mineral-melt interface reactions, which 
can occur within 50 µm of the mineral-melt interface. If either 
of these scenarios occur, the calculated D-values will be highly 
unusual for both compatible and incompatible elements but in 
a predictable way. For example, Kennedy et al. (1993) showed 
that melt inclusions will have low abundances of compatible ele-
ments and high abundances of incompatible elements compared 
to the host mineral. In fact, melt inclusions can be enriched in 
incompatible elements by a factor of up to 105 over the mineral 
(Kennedy et al. 1993). Therefore, the melt inclusions will cause 
the concentrations of compatible trace elements in the mineral to 
be anomalously low and the concentrations of incompatible ele-
ments to be anomalously high. These effects will in turn cause the 
apparent D-values to be too low for compatible elements and too 

high for incompatible elements relative to reference D-values.
The effects of mineral-melt interface kinetics can be also 

seen in the apparent D-values. More specifi cally, if the mineral 
analyses did not incorporate any melt inclusions, the infl uence of 
mineral-melt interface kinetics will cause the apparent D-values 
for compatible elements to be too high and the apparent D-values 
for incompatible elements to be too low compared to reference 
D-values. The effects on the apparent D-value will occur because 
glasses infl uenced by mineral-melt interface kinetics will have 
anomalously high concentrations of incompatible elements 
and anomalously low concentrations of compatible elements 
(Shimizu 1983).

Figures 10a and 10b show how the apparent olivine-melt D-
values (DOl) from this study vary as a function of temperature 
and how they compare with reference DOl-values from other 
studies. Figures 10a and 10b show that the olivines from the 
high-temperature samples have DOl-values for compatible ele-
ments, such as Mn, Cr, Co and Ni, that appear to be too low and 
DOl-values for incompatible elements, such as V, Y, Sm, and Th, 
that appear to be too high relative to reference DOl-values. Noting 
the effects on apparent D-values described above, the anomalous 
DOl-values in Figures 10a and 10b can be explained by accidental 
analysis of melt inclusions, which have been identifi ed in the 
MLL olivines (Fig. 11).

Identifying petrologic processes with apparent D-values

When the effects of mineral-melt interface kinetics and 
unintentional analysis of melt inclusions can be identifi ed and 
subsequently accounted for, we can use the amount and style of 
deviation of apparent D-values away from reference D-values to 
obtain information about petrologic mechanisms. A comparison 
of our D-values with reference D-values shows that Mn, Co, Sm, 
and Y D-values from this study correlate very well with the refer-
ence D-values. The fact that our results for DMn, DCo, DSm, and 
DY compare favorably with reference D-values indicates that the 
D-values for these elements are not affected easily by petrologic 
mechanisms and are therefore relatively robust.

Our calculated DNi is much lower than that reported by 

FIGURE 9. Back-scattered electron image of a partially resorbed 
olivine phenocryst from the Makaopuhi Lava Lake. The reaction boundary 
represents the disequilibrium between the olivine and the glass.

TABLE 7.  Calculated D-values derived from concentrations in olivines 
and their adjacent melts

Sample V Cr Mn Co Ni Y Sm Th
M-18 (1160 °C) 0.09 0.86 1.5 4.6 11.7 0.05 0.20 0.30
M23-24 (1145 °C) 0.06 1.6 1.7 5.3 16.2 0.01 0.10 0.21
M21-26 (1130 °C) 0.06 2.5 1.8 5.5 11.6 0.01 0.09 0.17
M22-18 (1110 °C) 0.05 5.4 1.6 4.9 12.1 0.01 0.07 0.16
M1-6 (1070 °C) 0.04 22.3 1.2 4.2 11.8 0.01 0.05 0.12
M5-13 (1050 °C) 0.04 36.1 1.4 5.5 15.1 0.01 0.04 0.08
 Average 0.06 11.4 1.5 5.0 13.1 0.01 0.09 0.18

TABLE 8. Previously published olivine-melt D-values
Element Reference D-value Reference
V 0.014–0.019 Norman et al. 2005
Cr 1.32–4.52 Norman et al. 2005
Mn 1.17–1.69 Norman et al. 2005
Co 4.05–5.15 Norman et al. 2005
Ni 24.68–38 Norman et al. 2005
Ni 10.0–11.0 Papike et al. 1999
Y 0.01 Nikogosian and Sobolev 1997
Sm 0.11 Shimizu et al. 1982
Th 0.02 Dunn and Sen 1994
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Norman et al. (2005) but our average DNi fi ts in well with the 
ranges described by Papike et al. (1999) and Nabelek (1980). 
We assume that because Ni is highly compatible in the olivine 
structure (e.g., Papike et al. 1999), the apparent DNi-value for 
sample M-18 should be much higher than for the other samples 
and that the DNi-values for the other samples should decrease 
asymptotically (see examples in Hess 1989); however, because 
of the melt inclusions in the M-18 olivines, the apparent D-value 
for Ni in M-18 is anomalously low. The sudden upturn in the 
DNi trend line at 1050 °C can be explained by the fact that Ni 
is depleted in the melt by the crystallization of ilmenite, where 
DNi

Ilm = 2.6 (Mysen 1978).
Figures 10a and 10b show that our calculated D-values for 

V, Cr, and Th in the low-temperature samples are much different 
than published reference D-values. Given the above information, 
we propose that the Cr D-values in the low-temperature samples 
can be explained if Cr-rich olivines are co-located with Cr-poor 
glasses. In other words, because we know that Cr-rich olivines 
crystallized early, that Cr-poor glasses crystallized late, and that 
olivine grains in the MLL were transported to other parts of the 
lake via convective fl ow or gravitational settling, we can infer 

that the apparent D-values for Cr refl ect the transport processes 
in the MLL. A similar effect is not as obvious in the D-values 
for other elements because Cr becomes extremely depleted in 
the residual melt with the crystallization of pyroxene, ilmenite, 
and chromite.

The D-values for V and Th, on the other hand, appear to be 
affected by factors other than gravitational settling or convec-
tive fl ow. Figure 10b shows that the calculated DTh in all of the 
Makaopuhi samples is much higher than the reference value of 
0.02 (i.e., Dunn and Sen 1994). In fact, the difference between 
the DTh-values in the Makaopuhi samples and the DTh-values 
predicted from experiments is more than an order of magnitude 
(compare Tables 7 and 8). The high DTh-values reported in this 
study could refl ect the fact that Th4+ is the slowest diffusing trace 
element in basaltic melts (Bindeman and Davis 1999). Because 
Th diffuses so slowly, it could be more prone to incorporation 
into a growing crystal. These results suggest that Th is partitioned 
more effectively into the olivine than has been suggested previ-
ously. A similar conclusion might be reached for V, which has 
apparent D-values that are consistently higher than the refer-
ence D-values (Fig. 10b). One recent study indicates that V in 
the MML is likely in the 4+ valence state (Karner et al. 2006) 
and therefore may also experience relatively slow diffusion in 
basaltic melts.
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FIGURE 10. Olivine-melt D-values plotted as a function of 
temperature. The dotted horizontal lines represent reference D-values 
from previous studies (see Table 8 for actual values). (a) The D-values 
for Co and Mn agree well with the reference D-values. The deviations 
in the Cr D-values are caused by gravitational settling and/or convective 
fl ow (see text for discussion). (b) The high D-values in sample M-18 are 
the result of analyzing melt inclusions. The measured DTh and DV-values 
are higher than the reference D-values for Th and V.

FIGURE 11. Back-scattered electron image showing small-scale 
melt inclusions in an olivine grain from sample M23-24. The image is 
approximately 100 µm across.
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