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OXIDATION STATES DURING ASCENT AND ERUPTION OF THE 7400112 ORANGE GLASS 
MAGMA. Catherine M. Weitz, Malcolm J. Rutherford, and James W. Head Ill, Department of Geological 
Sciences, Brown University, Providence, RI 02912. 

Jntroduction, While 99% of the 7400112 lunar core section is composed of orange glasses and their 
crystallized equivalents (black beads), some olivine phenocrysts and metallic blebs have also been 
identified. Searching through the 26 thin sections that represent the 68-cm deep core, we have identified 
29 metallic blebs larger than 4 pm in size: 14 are enclosed in or trapped between olivine phenocrysts, 14 
are enclosed in volcanic beads, and one metallic fragment was found by itself. Most metal blebs are 
spherical; the largest is 44 pm in diameter but most of the blebs in the volcanic beads are 4 0  pm. 
Microprobe analyses show that the metallic blebs can be divided into three major classes: (1) Fe-Ni-Co 
spheres enclosed inside or trapped between olivine crystals; (2) Fe-Ni-Co metal blebs enclosed inside 
volcanic beads; and (3) smaller (s5 pm) and very irregular shaped Fe metallic blebs in the crystallized 
black beads. Each of these three types of metal blebs represents a different oxidation andlor 
temperature history in the conduit or during eruption in the fire fountain. In this study, we have used the 
compositions of the blebs to determine the oxidation states when the blebs initially formed and how the 
conditions changed during ascent and eruption of the magma. Our goal is to apply these results in order 
to model the ascent and eruption of the volcanic beads that compose the regional dark mantle deposits. 
Descri~tion and Formation of the Metallic Blebs, The 7400112 section represents a 68 cm deep core 
taken on the rim of Shorty Crater [ I  ,2]. Twenty-six thin sections were made along the length of this core 
and we have examined all of them in reflected light searching for metallic blebs. Compositional analyses 
were obtained from a Cameca microprobe using pure metal standards. Traverses at 5-1 0 pm spacing 
were made across the larger blebs. Of the 29 blebs found in the entire core, 18 were found in the top 33 
cm (74002) and 1 1 in the lower 35 cm (74001). If the 7400112 core was inverted because of the Shorty 
Crater impact [3], then the dominance of metal spheres in the 74002 section could indicate a decrease in 
the formation of rnetal spherules and CO gas with time. In addition to the larger, spherical blebs, we 
noticed that a higher percentage of the volcanic beads contained s5 pm amoeba-like metallic blebs as 
we progressed down the core into predominantly black beads (74001). Microprobe analyses showed 
that these amoeba-like blebs were composed of >99% Fe with trace amounts of Ni. Of the 11 blebs in 
the 74001 section, only 4 are metal spheres while the other 7 are amoeba-like pure Fe blebs. Only 1 
amoeba-like bleb was identified in the 74002 section. We propose that the amoeba-like iron blebs 
formed by exsolution after eruption of the bead where cooling was slow enough to allow significant 
crystallization of olivine, ilmenite, and spinel. This crystallization induced FeO-enrichment in the residual 
melt and ultimately a reduction of FeO to Fe occurred, possibly as a result of sulfur loss. 

The larger metallic spheres varied significantly in composition depending upon whether they were 
enclosed within olivine phenocrysts or volcanic beads. The olivine phenocrysts that entrapped the metal 
spheres must have formed in the storage region or the conduit prior to eruption because they are large 
(>I00 pm), euhedral crystals with higher Mg #'s (0.81) than the smaller olivines formed within the beads 
after the eruption. Microprobe analyses of the 14 rnetal blebs enclosed within olivines indicate that they 
have a uniform core composition of Fe85Ni14Col .o (figure 1). However, one elongated bleb enclosed 
within an olivine crystal has 77% Fe, 21.5% Ni, and 1.4% Co towards the center and 66% Fe, 32.5% Ni, 
and 1.5% Co at the rims. The double hump in Fe and Ni contents at the center of the elongate bleb 
(figure 1) could indicate that the bleb represents two coalescing spheres; this idea is supported by a 
small decrease in the width of the bleb towards the center. Less than one micron separates this 
elongated bleb from a separate metal sphere having a very sharp decrease in Fe and increase in Ni and 
Co at the rims. Because this metal sphere has a strong reaction rim and it is adjacent to the elongated 
bleb, it may indicate that the blebs remained in contact with the melt and experienced further and 
variable oxidation before they were entrapped within the olivine. 

Eight rounded metal blebs were found entrapped within crystallized black beads. One of these blebs 
was situated adjacent to an olivine phenocryst but entrapped within orange glass. The glass had 
partially crystallized olivine and ilmenite within a few microns of the contact with the olivine phenocryst 
and the bleb was located within this partially crystallized zone. The dominance of metal spheres in black 
beads rather than orange glasses may indicate that after eruption of the bead, the metal sphere kept the 
bead hot enough so that quenching to form an orange glass was inhibited. Although these blebs have 
compositions at their centers only slightly lower in Fe and higher in Ni than the spheres entrapped within 
olivines, the composition changes dramatically towards the rims. Figure 1 shows the sharp decrease in 
Fe and increase in Ni towards the rims. These blebs probably began with the same composition as the 
spheres in olivine but because they remained within contact of the melt, they experienced further 
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reactions under more oxidizing conditions during ascent in the conduit that caused Fe to be removed or 
Ni to be increased. If we assume the blebs were originally spheres, then their present non-spherical 
shape supports a reaction of Fe in the blebs to form FeO in the melt, possibly as a result of oxidation 
caused by cation loss during ascent. The metal spheres enclosed within olivine phenocrysts were 
buffered from these later reactions. 
lmolications for Ascent and Fruetion of Vo lcani c B e a A  The largest metallic sphere has a diameter of 
44 pm and the largest olivine phenocryst is approximately 600 pm in length. These sizes represent 
minima because it's very unlikely that the thin sections are exactly through the center of these features 
and in the case of the olivine phenocrysts, many appeared fragmented. Using Stokes Law, we have 
calculated settling velocities for the metal spheres and olivine phenocrysts assuming a density of 3.0 
g/cm3 for the magma[4], a density of 7.87g/cm3 for the metal spheres, a density of 3.5 g/cm3 for olivine, 
a viscosity of 4.1 Poise for the magma[4], and radii of 22 and 300 pm's for the metal spheres and 
olivines, respectively. From these values, a settling velocity of 2.0x10-~ cmlsec or 0.74 cmlhr is 
calculated for the metal blebs and 3 . 9 ~ 1 0 ' ~  cmtsec or 14.0 cmlhr for the olivines. Therefore, as long as 
the magma did not stall or slow down for a significant period of time, the blebs and olivines could be 
carried from depth in the course of the eruption. Because no olivine phenocrysts are associated with the 
green glasses, the green glasses may have had a faster ascent rate or a higher magma temperature 
during ascent in the conduit compared to the orange glasses. 

Rutherford and Fogel [5] calculated an f02 of IW-0.9 at 1350°C and a 12 km depth for the formation 
of metallic blebs in the low-Ti green glasses. They assumed that metal reduction was due to C oxidation 
to form CO gas which would occur as the pressure on graphite-bearing magma was decreased and CO 
became more stable than graphite [6]. Following the same procedures, we calculate an of f02 of IW-2.5 
for the metal sphere-melt equilibrium in the orange glasses using a liquidus temperature of 1320°C [7]. 
Sato [8] used the solid-electrolyte method to obtain an f 0 2  only slightly below the wustite-magnetite 
buffer at 1327°C for the orange glass magma prior to CO gas formation and a more reduced state after 
graphite oxidation. However, our results indicate a very reduced state after graphite oxidation followed 
by more oxidizing conditions as the magma ascended. In addition, we calculate a lower pressure and 
shallower depth for CO gas and metal bleb formation for the orange glasses compared to the green. 
References: [ I ]  Heiken and McKay, Proc. LPSC 9, 1933-1943, 1978; [2] Heiken et al., Geochem et Acta, 
38, 1703-1718, 1974; [3] Bogard and Hirsch, Proc. LPSC9, 1981-2000, 1978; [4] Delano, J. W., Proc. 
LPSC 20,3-12, 1990; [5] Rutherford and Fogel, LPSC XXVI, 1205-1 206, 1995; [6] Fogel and Rutherford, 
Geochem et Cosmo. Acta, 59, 201-215, 1995; [q Green et al., Proc. LPSC 6 ,  871-893, 1975; [8] Sato, 
M., Proc. LPSC 10, 31 1-325, 1979. 
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Figure 1. Plots of Fe and Ni content as a function of distance across metal blebs. The spheres found in 
olivines (open symbols) have relatively flat and uniform compositions. The blebs contained inside 
volcanic beads (solid symbols) have strong reaction rims showing a decrease in Fe and increase in Ni 
from core to rim. An elongated bleb inside an olivine (crosses) shows a double-hump in a traverse along 
its length, possibly representing two coalescing spheres with reaction rims. 
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