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AN EXPERIMENTAL STUDY OF KREEP BASALT EVOLUTION B. Holmberg and M.J. 
Rutherford, Dept. of Geological Sciences, Brown University, Providence, RI, 02912. 

Introduction: The relationship of the various KREEP-rich lunar lithologies, such as lunar granites and 
quartz rnonzodiorite (QMD), to one another and to some original "ur-"KREEP component has been the 
subject of numerous studies (ie. [1],[2],[3]). It has been proposed that KREEP or urKREEP is the 
residuum formed by extreme fractionation of the lunar magma ocean; KREEP basalts such as 15386 have 
an mg* which is much too high for such a residual melt [4]. Emphasizing this point, Warren (1 987) has 
suggested that the more evolved QMD may be used to represent urKREEP. However, the petrogenisis 
of QMD and lunar granite are not well established. Earlier work indicated that fractionation of a KREEP 
basalt composition at 1 atm produces a QMD composition residual melt just before becoming immiscible 
[5]. It is generally accepted that immiscibility was involved in the genisis of lunar granites in the near- 
surface environment; it has not been established whether immiscibility is stable at the base of the lunar 
crust (3 kbar). We investigate the crystallization of A15 KREEP basalt at 1 atm and 3 kbar in order to 
determine what melt compositions may be produced at near-surface conditions, and at the base of the 
lunar crust. Can QMD-like compositions be produced at the base of the crust, and can immiscibility occur 
at this depth? 

Methods and Results: A series of experiments were performed to map out the phase equilibria and 
residual liquid changes during crystallization of KREEP basalt at near-surface (-1 atm) conditions. An 
oxide powder of KREEP basalt 15386 composition was prepared (Table 1 ; REE were neglected and are 
assumed to follow P2O5), and reduced to f02-1 log unit below the MIW buffer. To prevent oxidation, the 
synthesis was contained in Mo-foil in an evacuated silica glass tube and sealed. The MoIMo03 buffer 
maintained the f02. The charge was suspended in a furnace and held at near liquidus temperature (1 180- 
1200°C) for several hours to fuse the powder, dropped at -3OCIhr to the experimental temperature, held 
for 48-230 hrs. (longer for lower T), then removed and quenched in water. Experiments were conducted 
over a temperature range from 1185°C (super-liquidus) to 1026°C (near-solidus), and were controlled to 
&I-2°C. The charges were thin sectioned and examined by optical microscope and electron microprobe 
to determine phases present and composition of the residual glass. Microprobe examination indicates the 
Mo did not detectably contaminate any of the mineral or glass phases, nor did it deplete the rnelt in any 
elements to form spinels. 

The liquidus temperature of 15386 is fairly tightly constrained by experiments run at 1185", 1 180°, 
and 1175°C, all of which produced glass only. Just sub-liquidus, at 1172OC, the melt (mg*=55) is 
apparently multisaturated, containing crystals of low-Ca pyroxene (En68Fs24Wog), plagioclase (Ang5-97) 
and olivine (Fo79-80). At 1 140°C, with -1 1% crystallization, the only crystals in contact with the melt are 
px+plag, though a core of ol is found in one pyroxene. From 1140° to 1 080°C, the phases found are low- 
Ca px+plag+glass, and melt mg* drops from 47 to 34, llmenite saturation is reached at 1064OC (Table I ) ,  
when the melt is 55-60% crystallized (though minute ilmenite crystals occur in a couple of the higher 
temperature experiments, they appear to be quench crystals). Ti and Fe contents in the residual melt 
drop accordingly. At 1039"C, with approximately 70% crystallization and mg*=19, the melt becomes 
immiscible (Table I ) ,  separating into high-FeO and high-Si02 compositions [ I  ,6]. The 1039°C charge 
contains large (up to loop), euhedral tridymite crystals, in addition to px+plag+il+liquids. An experiment at 
1026°C produced the same phases, plus a phosphate; the mafic glass showed greater compositional 
variation, presumably due to a lack of rnelt communication or different degrees of immiscible melt 
separation in this crystal-choked charge. 

Preliminary results from similar experiments carried out at 3 kbar pressure (analogous to conditions 
at the base of the lunar crust) indicate some interesting differences. These experiments were performed 
using an internally heated pressure vessel, with Ar gas as the pressure medium. Chips of low-pressure 
experimental charges were surrounded by graphite powder (using the CIC02 buffer to regulate f02) and 
held at temperatures 20-35°C higher than they experienced at 1 atm in order to reach approximately the 
same degree of crystallization. The same general sequence of phases crystallize at 3 kbar and 1 atm: first 
plag+px, joined by ilmenite as crystallinity increases. Subjecting a chip of material with immiscible liquids 
(from 1 03g°C, 1 atm) to 1060°C at 3 kbar resulted in the elimination of immiscibility, while retaining -70% 
crystallization; a silica polymorph is still stable. Melt compositions in this charge vary considerably, 
depending on the local phases in contact with the melt (Table 1 for representative extremes). 
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Discussion and Conclusions: The presence of olivine on the low pressure liquidus of the 15386 
composition, followed closely by low-Ca pyroxene (in reaction) and plagioclase, has not previously been 
recognized. This indicates that olivine could have been present in the source region. However, 
increased pressure will reduce the size of the olivine field in the An-Fo-SiO2 phase diagram: at some 
depth, olivine would not crystallize from 15386 KREEP basalt composition. We continue to investigate 
the possibility of an olivine-bearing KREEP source at the base of the lunar crust. At near-surface 
conditions, our experiments demonstrate that fractionation of 15386-type KREEP basalt follows the path: 
(1) initial olivine crystallization, (2) crystallization of low-Ca pyroxene+plagioclase (and reacting out of 
olivine) producing FeO-enriched residual melts with little Si02 build-up, (3) ilmenite crystallization at 
-1 064°C resulting in moderate Si02 enrichment, and (4) liquid immiscibility producing FeO-rich basaltic 
and granitic melts at Tc1040°C (Table 1). At base-of-thecrust pressure (3 kbar), the 15386 melt follows a 
similar crystal fractionation path. However, while px+plag+il crystallization produce a range of QMD-like, 
silica-bearing melts at 1 060°C, there is no liquid immiscibility. The increased pressure apparently results in 
a greater increase of the solidus T than of the critical point of the miscibility gap. 

Our experiments have shown that within the range of pressures of the lunar crust, a liquid of 
KREEP basalt composition may be evolved through crystallization to form QMD and granite. Functionally, 
then, KREEP basalt can satisfy this most pressing constraint for an ur-KREEP. KREEP basalt is generally 
considered a derivative of ur-KREEP, however, because the relatively high mg* is incompatible with 
calculations which suggest urKREEP was close to mg*=O [3,4]. Recent models of overturn in the cooling 
lunar magmasphere due to gravitational instability [7'j may provide the means for increasing the mg* of ur- 
KREEP through interaction with more Mg-rich materials brought up from depth. Model ages for KREEP- 
rich lithologies indicate that KREEP lithologies, including many lunar granites and KREEP basalts, may 
have existed as early as 4.3 Ga [8,9], constraining these processes to a time early in lunar history. 
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TABLE 1: Compositions of glasses produced in equilibrium crystallization experiements on KREEP basalt 
15386 composition (this work) and comparison KREEP-rich lithology bulk compositions 

15386 15386 15386 15386 15405,12 15386 15386 A15 
experimental 1064°C 1039°C 1 03g°C Granite 1060°C 1060°C QMD 

initial 1 atm 1 atm. 1 atm. 121 3 kbar 3 kbar [ l o ]  
wt% glass glass A glass B glass glass 

Si02 
Ti02 
A1203 
FeO 
MgO 
CaO 
Na20 
K20 
p205 

phases - px+plag+il px+plag+il+silica - px+plag+il+silica - 
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