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THE DEPTH OF FORMATION OF HIGHLY EVOLVED LUNAR ROCKS 
H.E. O'Brien and I.S. McCallum, Department of Geological Sciences, Box 35 13 10, University of 
Washington, Seattle, WA 98 195 

Introduction: Compositionally evolved lunar rocks (quartz monzodiorites and granites) are repre- 
sented by rare small clasts in Apollo 15 impact melt breccias [1,2] and Apollo 14 soils [3]. The great 
majority of these clasts have incompatible trace element and rare earth element abundances remarkably 
similar to those of KREEP. Most lines of evidence point to these rock types as having been derived from a 
KREEP basalt magma by extreme fractional crystallization accompanied by late-stage liquid immiscibility 
[1,4]. However, some quartz monzodiorite clasts have textures, compositions and mineral assemblages 
reminiscent of cumulates [3]. In an attempt to elucidate some of the physical conditions under which 
QMDs formed, we have examined the fine structure of their pyroxenes. Pyroxenes in QMDs are 
ferropigeonites andlor ferroaugites and almost all have well-developed, albeit fine-scale, exsolution features 
formed during cooling. Using a method similar to that previously described [5, 61, we have attempted to 
extract cooling rates from a simulation of lamellar growth in these pyroxenes and from these cooling rates 
to compute a depth of burial at the time of crystallization. The fine-scale of the lamellae--host intergrowths 
necessitated the development of a modified analytical technique since conventional microprobe step- 
scanning with step intervals of 1 micron or less proved totally inadequate to determine the details of the 
compositional variation across these features since, in many cases, the lamellae were 1 micron or less in 
width. In such cases, the diameter of the x-ray excitation volume was 2 to 3 times larger than the lamellae 
being analyzed requiring the use of a complex method of deconvolution [7]. 

Methods: To address the problem of lack of resolution we adopted a beam scanning technique in 
which an area encompassing several host--1amellae pairs was scanned and x-ray counts corresponding to 
Ca, Mg, Fe and A1 were collecting during scanning. The pixel size varied depending on the area, e.g., an 
area of 20 x 20 microns had pixels of 0.045 microns. Counting times up to 24 hours were required in order 
to obtain a statistically meaningful number of counts per pixel. Counts were converted to weight percent 
using correction factors obtained from conventional probe analyses. This method does not affect resolution 
but does provide a much larger database which in turn greatly improves deconvolution calculations. 

A Ca K a  map for a ferropigeonite from 15403,71 with well developed (001) ferroaugite lamellae up 
to 2 pm in width is shown in Fig. 1. The relatively poor resolution in this image is a consequence of the 
large excitation volume. A Monte Carlo simulation of Ca K a  x-ray production in diopside with a 15 keV 
electron beam indicates that the excitation volume is nearly spherical, roughly 2 pm in diameter and up to 2 
pm in depth. A measured profile (marked on Fig. 1) across the widest of the lamellae is shown in figure 2. 
To deconvolve this profile, correction factors for beam overlap effects were calculated using the method of 
Ganguly et al. [7] using 0.09 pn steps across a vertical pigeonite-augite interface. The correction factors 
were then applied to the measured profile to compute a deconvolved profile (Fig. 2). Using Ca cation 
proportions calculated from carefully chosen spot analyses of pigeonite host and augite lamellae, a bulk 
composition determined by modal analysis of the BSE image (Fig. 3), and a modified finite differences 
program [8], we modeled the growth of this lamella from the intersection of the solvus at 1024OC to the 
estimated blocking temperature of 750°C (Fig. 2). 

One of the limitations of this method for such narrow lamellae is the loss of information about any 
symmetrical diffusion gradients immediately adjacent to the lamellae interfaces. A profile across the higher 
resolution BSE image (Fig. 4) shows a W-shape characteristic of diffusion profiles we have measured by 
step scanning across considerably wider pyroxene lamellae [6]. However, it is possible that some of the 
W-shape is an artifact in the BSE image itself (the bump and dip effect [9]). It would be desirable to use 
the BSE data because of the limited size of the backscattered electron volume and hence the improved 
resolution. We are attempting to evaluate the contribution from the bump and dip effect using the 
deconvolution function method of [9]. 

Results: Cooling rates calculated from the pyroxenes in 15403,7 1 are -0.1 8OCIyr. This corresponds 
to a depth of crystallization of -200 meters. This depth is consistent with formation of QMD in a hyp- 
abyssal intrusion, possibly a thick sill close to the surface of the moon. The common association of QMD 
and lunar granite separated by a significant compositional gap is similar to that of fractionated basalt and 
granophyre in terrestrial sills which are believed to form by a process of extraction of interstitial melt 
during delamination of the solidi£ication front and inflow of silicic melt to form granophyric pods [lo]. 
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Figure Captions: Figure I. Ca K a  map for a ferropigeonite from 15403,71. White bar denotes 
location of profile shown in Fig. 2. Figure 2. Measured pyroxene compositions (m), deconvolved 
compositions (0) and calculated augite lamella--pigeonite host compositions (0)  for this grain. Figure 3. 
BSE image for the same area of the grain as shown in Fig. 1. Note the much higher resolution relative to 
the corresponding x-ray map. White bar denotes location of Fig. 4 profile. Figure 4. BSE profile with W- 
shape which may be detecting a small diffusional gradient at the lamella boundaries. 
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