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Introduction:  The Makaopuhi Lava Lake formed 

during an eruption of Kilauea volcano in March 1965.  
During a U.S.G.S. study of the lava lake [1], direct 
measurements were made of the lava lake’s thermal 
history, oxygen fugacity, volatile content, 
petrography-chemistry, viscosity, and density.  These 
careful measurements provided a natural laboratory for 
the study of the closed system behavior of an evolving 
basaltic magma.  The observations also provide a 
unique opportunity to place trace element behavior 
into the context of a well-defined, natural magmatic 
system.  These insights in turn, can be used to examine 
other basaltic systems in more detail.  In particular we 
can extend these observations of trace element 
behavior to obtain a better understanding of planetary 
basalts where geological constraints are limited (i.e., 
meteorites and returned samples). 

Samples used in this study (thin sections M-18, 
M23-24, M21-26, M22-18, M1-6, and M5-13) were 
collected at temperatures between 1160 and 990 ºC 
and at an approximate fO2 between QFM the Ni-NiO 
buffers [1]. All samples represent coexisting crystals 
and glass (i.e., minerals + melt). The crystallization 
sequence within the lake was: olivine ± spinel ⇒ 
augite ⇒ plagioclase ⇒ ilmenite ⇒ pigeonite ⇒ 
magnetite ⇒ apatite [1]. Three types of crystal-liquid 
differentiation were observed in this system:  (1) 
gravitative settling of olivine, (2) filter pressing into 
open fractures, and (3) downward concentration of 
pyroxene and plagioclase during convective flow [1].    

Scientific Rationale and Analytical Approach:  
Prior to trace element analysis, olivine grains and 
adjacent basaltic glasses were imaged, mapped and 
analyzed for major elements using a JEOL 8200 
electron microprobe.  Trace elements in the olivine 
and glass were measured using the Cameca ims 4f 
operated on the University of New Mexico campus by 
the Institute of Meteoritics.  Analyses were made 
using primary O- ions accelerated through a nominal 
potential of 10 kV.  A primary beam current of 15 nA 
was focused on the sample over a spot diameter of 10 
to 15 µm.  Sputtered secondary ions were energy 
filtered using a sample-offset voltage of 105 V and an 
energy window of ±25 V.  Absolute concentrations of 
K, V, Cr, Mn, Co, Ni, Y, Sm, and Th were calculated 
using empirical relationships of Trace Element/30Si+ 

ratios (normalized to SiO2 values derived from 
microprobe analyses). Calibration curves were 
constructed using four basaltic glass standards and two 
olivine mineral standards.   

The goals of this study are to: (1) Determine the 
distribution of selected major, minor, and trace 
elements in a closed basaltic system (e.g., elemental 
distribution in samples containing melt and melt + 
crystals). (2) Reconstruct the relationships among the 
elements, melt characteristics, and system dynamics. 
(3) Compare the results of this study with the behavior 
of trace elements in basalts from the terrestrial planets.  

 Data:  As the temperature of the system decreases 
(i.e., crystallization increases) several relationships can 
be observed.  First, the major element composition of 
the glasses increases with regard to K2O, P2O5, and 
FeO with decreasing temperature.  Al2O3 and MgO 
appear to decrease with decreasing temperature.  Na2O 
and MnO show no definitive pattern with decreasing 
temperature.  TiO2 initially increases in the glass with 
decreasing temperature until ilmenite begins to 
crystallize, thus forcing the concentration of TiO2 to 
decrease drastically.  CaO demonstrates a similar trend 
by increasing slightly but then the CaO decreases 
radically (along with Al2O3), thus reflecting the arrival 
of plagioclase on the liquidus.  The melt compositions 
exhibit a predictable decrease in Cr as spinel begins to 
crystallize. The melt compositions show a substantial 
increase in K, Y, Sm, and Th but only limited 
variations in and Ni and Co with crystallization.     

Small, unzoned olivine grains in the Makaopuhi 
samples exhibit decreases in K, Y, Sm, and Th with 
decreasing temperature.  It is interesting to note that V, 
Mn, Co, and Ni show no systematic relationship 
between temperature and concentration in the olivine 
crystals.  For thin sections with large, zoned, olivine 
crystals (M21-26, M1-6, M5-13): K, Mn, Co, Y, Sm, 
and Th concentrations increase from core to rim, 
whereas Cr and Ni concentrations decrease from core 
to rim (V composition remains relatively constant).  

Discussion and Conclusions:  As shown above 
and in Tables 1 and 2, the Mg# in the melt decreases 
with temperature and the major and minor elements 
reflect the appearance of phases on the liquidus 
(ilmenite, spinel, and plagioclase).  It is also evident 
that at no time during the crystallization of basalt does 
Th fractionate from Sm.  In contrast, the K/Th ratio 
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appears to change systematically with crystallization, 
thus indicating fractionation of K from Th.   

The role of olivine in the evolving basalt is a little 
more problematical (Tables 3 and 4).  In the samples 
thus far analyzed, only the highest temperature 
samples have olivine crystals in near equilibrium with 
the melt.  The calculated Fe-Mg exchange Kd should 
equal 0.30 ± 0.03 if the melt and the olivine were in 
equilibrium [e.g., 2]. At high temperatures, the Kd is 
approximately 0.27 (Table 3) and in the lower 
temperature samples, the exchange Kd is substantially 
lower (≅ 0.17) (Table 3). This observation is consistent 
with the field observation that the early olivine 
gravitationally settled into melt that was not in 
equilibrium with the olivine.  This observation is also 
reflected in the Ni and Co abundances in the melt, 
which do not decrease as would be expected if 
substantial olivine were crystallizing out of the melt.  
Therefore, it should be noted that the olivine-melt 
distribution coefficients for these samples only 
represent the apparent distributions between the 
minerals and the melt. 
      Clearly, olivine-melt distribution coefficients for 
these samples approach equilibrium values at higher 
temperatures but deviate from equilibrium at lower 

temperatures.  This relationship is exemplified by the 
apparent distribution coefficients for Cr, which are 
close to expected values (DCr = 1) for the higher 
temperature samples. However, at lower temperatures, 
the D-values of Cr significantly increase to unrealistic 
values (DCr = 30).  This increase is most likely the 
result of early olivine crystallization followed by 
gravitational settling of olivines into a melt that has 
undergone spinel crystallization.  
     The zoning seen in the larger olivine grains shows 
both expected and unexpected characteristics.  The Ni 
and Cr behave as compatible elements by decreasing 
in abundance from the core to the rim.  However, Mn 
and Co decrease from core to rim, thus behaving 
incompatibly. This behavior is similar to that 
demonstrated by basaltic olivines from other planetary 
bodies (e.g., Moon and Mars) [3].  In total, these 
observations suggest that the Makaopuhi lava lake can 
serve as a natural laboratory for observing trace 
element behavior during basalt crystallization on the 
terrestrial planets. 
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Table 1.  Average major element composition of glass adjacent to olivines in Makaopuhi samples.

Glass SiO2 Al2O3 K2O Na2O P2O5 MnO CaO MgO FeO TiO2 Mg#
M18 (1160 C) 50.4 13.8 0.65 2.6 0.15 0.24 9.7 5.9 11.5 3.4 46
M23-24 (1145 C) 50.4 13.7 0.69 2.7 0.17 0.24 9.8 5.7 11.7 3.5 46
M21-26 (1120 C) 50.6 13.4 0.75 2.6 0.15 0.21 10.0 5.8 11.4 3.3 47
M22-18 (1110 C) 50.5 13.3 0.81 2.7 0.17 0.18 9.5 5.3 12.0 3.7 41
M1-6 (1070 C) 50.5 12.1 1.09 2.9 0.23 0.25 8.4 5.1 13.8 5.1 40
M5-13 (1050 C) 50.9 11.0 1.42 3.0 0.34 0.31 7.6 4.2 13.8 3.3 35
Table 2. Average trace element composition of glass adjacent to olivines in Makaopuhi samples.

Glass K (ppm) V (ppm) Cr (ppm) Mn (ppm) Co (ppm) Ni (ppm) Y (ppm) Sm (ppm) Th (ppm) Th/Sm
M18 (1160 C) 4887 313 229 1497 65 214 30 5.9 1.8 0.3
M23-24 (1145 C) 5634 335 107 1723 65 166 36 8.0 1.8 0.2
M21-26 (1120 C) 5516 328 107 1664 63 243 32 6.2 1.7 0.3
M22-18 (1110 C) 6432 339 57 1747 67 238 37 7.9 1.9 0.2
M1-6 (1070 C) 8750 395 17 2051 74 207 47 11 2.2 0.2
M5-13 (1050 C) 11011 222 10 1561 52 162 60 12 2.8 0.2
Table 3.  Average major element composition of olivine in Makaopuhi samples.

Olivine SiO2 CaO MgO Cr2O3 FeO TiO2 MnO Mg # Fe-Mg Kd

M18 (1160 C) 39.5 0.34 41.6 0.03 17.0 0.04 0.23 81 0.27
M23-24 (1145 C) 39.1 0.30 38.9 0.02 21.2 0.03 0.28 77 0.25
M21-26 (1120 C) 40.1 0.43 40.4 0.01 19.9 0.11 0.26 78 0.24
M22-18 (1110 C) 39.6 0.27 40.1 0.02 21.3 0.02 0.28 77 0.23
M1-6 (1070 C) 39.3 0.27 40.6 0.03 20.1 0.02 0.26 79 0.18
M5-13 (1050 C) 39.2 0.26 41.2 0.02 19.3 0.01 0.25 78 0.17
Table 4. Average trace element composition of olivines in Makaopuhi samples.

Olivine K (ppm) V (ppm) Cr (ppm) Mn (ppm) Co (ppm) Ni (ppm) Y (ppm) Sm (ppm) Th (ppm) Th/Sm
M18 (1160 C) 19 27 227 2265 293 2562 1.4 1.3 0.6 0.5
M23-24 (1145 C) 12 15 168 2994 347 2266 0.4 0.8 0.4 0.5
M21-26 (1120 C) 11 18 268 2769 324 2677 0.4 0.5 0.3 0.6
M22-18 (1110 C) 11 18 342 2840 338 2441 0.3 0.5 0.3 0.6
M1-6 (1070 C) 10 17 351 2403 305 2659 0.2 0.5 0.2 0.5
M5-13 (1050 C) 10 14 337 2213 291 2933 0.2 0.5 0.2 0.5
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