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Stratigraphy of the lunar highland crust: Depths of burial of lunar samples
from cooling-rate studies
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ABSTRACT

Current models of lunar crustal stratigraphy are based primarily on models of impact
cratering coupled with what is known about the distribution of rock types in the ejecta
blankets associated with the large multiring basins. These models postulate an upper crust
rich in the ferroan anorthosite component underlain by a more mafic (noritic) lower crust
(Spudis 1993). We attempted to test these models by determining the depth at which
various lunar plutonic rocks formed. Despite intense brecciation and shock, many lunar
highland samples retain vestiges of a prior magmatic history. For example, pyroxene
samples preserve a record of their thermal history in such phenomena as cation ordering
and exsolution textures. By computer simulation of the growth of exsolution lamellae in
augite and pigeonite, we deduced cooling rates and from these estimated a depth of burial
on the basis of a simple model for the thermal evolution of the lunar crust. Despite the
fairly large uncertainties in the calculations, it is clear that the ferroan anorthosite samples
we studied formed at a depth between 10 and 20 km, whereas some members of highland
magnesian and alkali suites formed as cumulates in magma chambers intruded into the
uppermost layers of the crust. As yet there is no evidence to indicate that crystalline rocks
from the lower half of the lunar crust are present in the samples returned by the Apollo
missions. Most samples derived from the lower crust appear to be impact melts oflow-K
Fra Mauro (noritic) composition.

INTRODUCTION

One of the most difficult, yet important, problems fac-
ing lunar geologists is that of reconstructing the stratig-
raphy of the lunar crust and its evolution over time. In-
tense bombardment and mixing of rock types during the
first 600 m.y. of lunar history has rendered this task es-
pecially difficult. At the same time, impact processes have
brought to the lunar surface samples derived from at least
the upper half of the lunar crust, thereby providing an
opportunity to reconstruct the stratigraphy in areas sam-
pled during the Apollo missions. As noted by Spudis
(1993) in his review of the geology of multi ringed basins,
there is general agreement that ejecta from the large mul-
tiring basins are dominantly, or perhaps even exclusively,
of crustal origin since 25 yr of lunar sample study have
failed to identify any unequivocal mantle samples. Given
the most recent determination of crustal thickness (Zuber
et al. 1995) this implies an upper limit to the depth of
excavation of around 60 km. Magma-ocean models
(Warren 1990) postulate an upper crust dominated by
anorthositic rocks that formed by flotation in the pri-
mordial magma ocean; but on nearside areas sampled by
Apollo missions, anorthosite is common only at the
Apollo 16 site in the central highlands and rare to absent
at all other landing sites. A preliminary analysis of the
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Clementine multispectral data has revealed that anortho-
site is not widely exposed on the lunar nearside and is
most commonly observed in inner basin rings of the
southern highlands, e.g., the massifs of the Inner Rook
Mountains of the Orientale basin, and isolated occur-
rences such as the central peak of Aristarchus crater
(Hawke et al. 1995). However, the Clementine data sug-
gest that anorthosite may be quite abundant on farside
regions.

Basin impact melts, most notably the low-K Fra Mauro
composition associated with the Imbrium and Serenitatis
basins, are distinctly more mafic, with a composition cor-
responding to norite. Cratering models suggest that such
melts are generated at lower to middle crustal depths (30-
60 km). The paucity of unequivocal deep-seated crystal-
line plutonic rocks is also consistent with cratering mod-
els that suggest that unmelted rock fragments in ejecta
blankets are probably derived from the upper part of the
crust (Spudis 1993). Consequently, the possibility exists
that no crystalline lunar samples from deeper that about
30 km are present in the collection of samples returned.

Lunar highland plutonic rocks belong to at least two
separate chemical groups, the ferroan anorthosite suite
(FAS) and the Mg-rich suite (James 1980; Norman and
Ryder 1980). Although there is general agreement that
ferroan anorthosites form a coherent group and probably
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share a common origin by flotation accumulation in a
global magma ocean, the Mg suite, on the other hand, is
more compositionally diverse and comprises two main
groups: a highland magnesian suite (HMS) composed of
dunite, troctolite, norite, and gabbronorite, and a high-
land alkali suite (HAS) composed of anorthosite, gab-
bronorite, quartz monzodiorite, and granite (felsite). A
petrogenetic link between these two series has not been
firmly established, although such a link has been sug-
gested (Snyder and Taylor 1995) because many HMS and
HAS samples share important geochemical characteris-
tics, e.g., low Ti/Sm and SciSm ratios and enrichment in
incompatible elements relative to ferroan anorthosite
(Norman and Ryder 1980). Currently favored models
suggest that HMS and HAS plutonic rocks crystallized
from KREEP-contaminated endogenic magmas em-
placed in the crust after the anorthositic crust formed but
before the major basin-forming impacts. Geochronologic
evidence is somewhat ambiguous on this point because
ferroan anorthosite and Mg-suite samples show some
overlap of ages (Carlson and Lugmair 1988; Nyquist et
al. 1981; Premo and Tatsumoto 1992, 1993; Shih et al.
1993), although Mg-suite samples are, on average, slight-
ly younger with more evolved initial isotopic ratios.
Within the magnesian and alkali suites there are subsets
of samples, e.g., gabbronorite, that show distinct geo-
chemical differences, lending credence to the suggestion
that a variety of magma types was generated by internal
melting processes early in lunar history. The isotopic ev-
idence is also difficult to reconcile with a single magma
type (Shih et al. 1993). Finally, although the evidence
from the Apollo 15 and 17 impact-melt sheets is consis-
tent with a noritic lower crust, it is not known whether
some of the Apollo 17 cumulate norite samples are from
this crustal layer or are fragments derived from a high-
level intrusion.

One parameter that could provide an important piece
to the puzzle, but which has proven very difficult to quan-
tify, is the depth at which lunar crustal rocks crystallized
or, in some cases, recrystallized. This task is particularly
difficult because highland samples have been severely de-
graded (at least texturally), many have been recrystallized
at high temperature, and most have been subjected to
some reheating in ejecta blankets. Computations of depths
of equilibration using experimentally calibrated geoba-
rometers are oflimited value on the Moon because of the
low pressure gradients (-0.05 kbar/km) and the lack of
phases sensitive to low pressure variations. The most
promising approach appears to be the independent de-
termination of the cooling rate of a plutonic sample be-
cause cooling rates can be used to calculate a depth of
burial assuming that thermal conductivities and an ap-
propriate crustal cooling model are available. In this work
we describe a method to determine cooling rates by mea-
suring the width, spacing, crystallographic orientation,
structural state, and composition of exsolution lamellae
in pyroxene and from these cooling rates to infer burial
depths.

----- -----

METHOD

Profile measurement

Major and minor elements in pyroxene were analyzed
using a JEOL 733 Superprobe equipped with four wave-
length-dispersive spectrometers. All analyses were per-
formed using an accelerating voltage of 15 kV. ZAF cor-
rections were applied to all microprobe analyses.
Compositional profiles were measured across host-COO1)
lamellar pairs in augite and pigeonite from a variety of
lunar highland samples. Most of the pigeonite grains have
inverted to orthopyroxene. Grains in which the (00l) la-
mellae are oriented perpendicular to the surface of the
section were selected on the basis of optical properties,
and, insofar as it was possible, profiles were measured
parallel to the c axis. For pyroxene with lamellar widths
:::::5 ~m, a programmed step interval of I ~m was used,
and up to several hundred points per grain were analyzed
for Ca, Mg, Fe, AI, Ti, Cr, and Na. For pyroxene with
lamellar widths < 5 ~m, step scanning at 1 ~m intervals
proved inadequate to determine the details of composi-
tional variations because in many cases, the diameter of
the excitation volume was larger than the lamella being
analyzed. To address the problem of lack of resolution
we adopted a beam-scanning technique in which an area
encompassing several host-lamella pairs was scanned and
X-ray counts corresponding to Ca, Mg, Fe, and Al were
collected during scanning. The pixel size varied depend-
ing on the area scanned, e.g., an area of 20 x 20 mm has
pixels of 0.045 mm. Counting times of up to 24 h were
required to obtain a statistically meaningful number of
counts per pixel. Counts were converted to weight percent
using correction factors obtained from conventional probe
analysis. This method does not, of course, improve res-
olution, but it does provide a much larger data set, which
greatly improves deconvolution calculations. Application
of this method to the narrow lamellae in pyroxene from
quartz monzodiorite is discussed later in this paper.

In addition to the standard correction procedures, it is
essential to correct the data for overlap effects in the vi-
cinity of lamella-host interfaces because the measured
composition represents a weighted average of the volume
of sample excited by the electron beam (Ganguly et al.
1988). The magnitude of the overlap effect is different for
different elements and is primarily a function of the ex-
citation voltage. The volume of excitation around the in-
cident beam is assumed to have a radially symmetric
Gaussian intensity distribution with a standard deviation
(f), which can be calculated from the slope of the mea-
sured profile at the interface. For Ca, f has a value of
0.55. Because deconvolution is extremely difficult to per-
form, we followed the method of Ganguly et al. (1988),
in which a hypothetical concentration profile is con-
volved and this profile is then adjusted until the calcu-
lated, convolved profile agrees with the measured profile
within the analytical uncertainty. In practice, it is usually
necessary to correct the raw data for a distance of only a
few micrometers on either side of the interface. However,
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FIGURE1. Example of deconvolution techniques used to cor-

rect for effects of spatial averaging on microprobe traverses across
host-lamella boundaries. Value of € is 1.0.
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as shown in Figure 1, in which convolved and decon-
volved profile for Al~03 are compared, the effect of the
spatial averaging can be significant.

Closure temperatures

It is important to have knowledge of the temperature
range over which interdiffusion of Ca and Fe/Mg on the
micrometer scale is effective. An estimate of the closure
temperature is made from the composition of host and
lamellar pairs. The compositions are plotted on the Sack
and Ghiorso (1994) phase diagram, which shows the 1100
and 800°C isotherms on the pyroxene solvus as a func-
tion of composition (Fig. 2). Because most of the data
plot at, or slightly below, the 800°C isotherm, it was
assumed that diffusion on the micrometer scale resolva-
ble by microprobe analysis was ineffective below approx-
imately 800°C.
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Solution of diffusion equation

Because the (001) lamellae in augite and pigeonite grow
along a planar front by interdiffusion of Ca and MgFe
parallel to the c axis, a one-dimensional solution to the
diffusion equation is sufficient. To simulate lamellar
growth, we modified a computer program (Sanford 1982)
that provides a numerical solution to the diffusion equa-
tion and allows for compositional and temperature-de-
pendent diffusion coefficients. A summary of the appro-
priate equations and computational method is given in
Miyamoto and Takeda (1994). Diffusion coefficients of
Ca (Dca)parallel to c in augite and pigeonite were deter-
mined by Fujino et al. (1990, and 1993 personal com-
munication) at 50°C intervals from 1200 to 1000 0C.
These values are as follows: For T > 1100 °C, DCa(Aug)=
1.43 X 10-1 cm2/s exp (-100.2 kcal/RT) and DCa(pig)=
1.28 X 102cm2/s exp (-110.2 kcal/RT); for T < 1100
°C, DCa(AUg)= 3.81 X 10-14 cm2/s exp (-21.3 kcal/RT)
and DCa(Pig)= 5.88 X 10-12 cm2/s exp (-26.5 kcal/RT).
These data agree reasonably well with the results of Brady
and McCallister (1983), who obtained an average value
of DCa(Aug)= 3.89 X 10-3 cm2/s exp (-86.25 kcal/RT) for
temperatures between 1100 and 1200 0C. The diffusion
coefficients represent the major source of uncertainty in
the computation of absolute cooling rates because a sig-
nificant fraction of lamellar growth occurs at tempera-
tures below 1000 0C. We used a linear extrapolation on
a log D vs. liT plot to estimate diffusion coefficients be-
low 1000 0C. There is also reason to believe that inter-
diffusion of Ca and FeMg in pyroxene is compositionally
dependent (Ganguly and Tazzoli 1994).

An accurate representation of the pyroxene solvus is
required. We used the solvus parameters recently deter-
mined by Sack and Ghiorso (1994). A projection of the
1100 and 800°C isotherms on the 1 bar solvus is shown
in Figure 2, and it is worth noting that this solvus is
significantly different from earlier published versions
(Lindsley 1983), which do not incorporate the effects of
Fe-Mg ordering in the solution models. For the particular

FIGURE2. Compositions of pyroxene in terms of quadrilateral components. The 800 and 1100 .C solvus isotherms are from
Sack and Ghiorso (1994). Solid symbols refer to bulk compositions, and open symbols refer to host and lamellar compositions.



TABLE1. Host-lamella compositions and widths determined
from microprobe profiles

Working
Lam. half-

Bulk Bulk Lam. Lam. Host Host width width
Sample Wo En Wo En Wo En (pm) (11m)

67075,52 Aug 34.5 40.2 1.6 50.9 43.7 37.1 19 41
60025,130 Aug 35.2 40.8 1.9 51.8 43.6 37.0 37 85
76255.69 Aug 36.0 48.0 4.4 65.6 44.0 43.0 4.5 12.6
76255,70 Pig 10.0 62.6 42.8 43.3 2.8 65.6 21 60
67915,190 Pig 14.0 35.4 40.0 28.9 7.8 35.8 4.4 12
15403,71 Pig 13.3 30.0 41.5 24.8 2.3 32.3 2 3.2
SWC 161 Pig 9.4 63.1 46.2 41.8 2.0 67.3 17 46

Note: Lam. = lamella.

McCALLUM AND O'BRIEN: LUNAR CRUSTAL STRATIGRAPHY 1169

composition being modeled, a section through the solvus
at the appropriate Mg/(Mg + Fe) value was computed.
Use of the correct solvus and tie lines in the model is
critical because these determine the temperature of ini-
tiation of exsolution, the extent of exsolution, and the
compositions of the host and lamellae as a function of
temperature.

In the simulation of compositional profiles, it is nec-
essary to specify an appropriate field length for diffusion.
In practice, this is taken as one-half of the width of a
lamella plus one-half of the width of an adjacent host as
measured on the crystal for which a profile is being sim-
ulated. Critical input parameters are bulk Ca/(Ca + Mg
+ Fe) and Mg/(Mg + Fe) of the pyroxene. In coarsely
exsolved pyroxene, these parameters were calculated by
integrating the host and lamellar compositions in the ap-
propriate proportions determined by image analysis of a
backscattered electron (BSE) image of the grain. Linear
and exponential cooling rate functions resulted in very
little difference in the computed profiles.

RESULTS

In this section we present the results of the modeling
of compositional profiles of pigeonite and augite from
two ferroan anorthosite samples (60025, 67075), a mag-
nesian suite gabbronorite (76255), an alkali suite sodic
ferrogabbro (67915), a quartz monzodiorite (15403), and
an inverted pigeonite from a Stillwater gabbronorite (161).
The main criterion in the selection of samples was the
presence of optically visible exsolution lamellae in py-
roxene. This limited our selection to samples containing
coexisting low-Ca and high-Ca pyroxene because, as ex-
pected, samples containing a single pyroxene seldom con-
tained well-developed exsolution features. The relevant
compositional data are listed in Table 1.

Ferroan anorthosite

Sample 67075 is a cataclastic ferroan anorthosite pre-
viously described by McCallum et al. (1975). Plagioclase
(An97_98)occurs as angular matrix grains and as recrys-
tallized microanorthosite clasts, whereas pyroxene, which
occurs as sparse grains, shows exceptionally well-devel-
oped exsolution lamellae (Fig. 3a). The low-Ca pyroxene
grains in 67075 are inverted pigeonite with coarse augite
ex solution, whereas augite grains show complex exsolu-
tion with several generations of pigeonite on (001) and
(100). After exsolution as pigeonite from the augite host,
the coarse (001) lamellae, which are up to 30 /.tm in width,
have largely inverted to orthopyroxene. The coarse la-
mellae are comparable in width and composition (wol-
lastonite content) to magmatic pyroxene in the Stillwater
Complex and almost certainly were formed during the
initial cooling from magmatic temperatures. The second-
generation (001) pigeonite, which forms fine lamellae in
sample 67075, is not observed in Stillwater augite, sug-
gesting that the lunar pyroxene suffered a more complex
thermal history possibly because of reheating and cooling

in an ejecta blanket. Figure 4 shows a compositional pro-
file (uncorrected for the overlap effect) across an augite
(bulk composition ofW034.5En4o.2Fs25.3)containing 20 /.tm
wide (001) lamellae of low-Ca pyroxene. There are no
resolvable compositional gradients in Ca, Fe, or Mg at
the lamellar boundaries, but there are measurable gradi-
ents in Al and to a lesser extent Ti.

The "spikes" on the deconvolved CaI(Ca + Mg + Fe)
profile (Fig. 5) result from the beam impinging on the
narrow, and incompletely resolvable, second-generation
(001) lamellae. These compositional excursions were ig-
nored in the modeling. Analyses on either side of the
interface were corrected for the beam-overlap effect. The
deconvolution factor is very sensitive to location of the
analytical spot relative to the interface, and a change in
position of as little as 0.1 /.tmcan have a significant effect.
Depending on the choice of interface position, the mea-
sured profile may be undercorrected in some cases and
overcorrected in others. The calculated profile, obtained
using the parameters listed in Table 1, represents the best
fit to the measured profile. The calculated cooling rate of
3.7 x 10-5 °C/yr must be considered as an upper limit
for this augite because it had exsolved the maximum
amount of (00 1) pigeonite possible at its closure temper-
ature, as indicated by the absence of any gradient in Ca,
Mg, or Fe within the resolution of the microprobe. In
cases in which the profiles are effectively step functions,
the resolution required to calculate a unique cooling rate
is lost. Additional information, e.g., diffusion rates of the
more slowly diffusing cations Al and Ti, is required to
refine the cooling rate.

.

Sample 60025 is also a cataclastic ferroan anorthosite
with abundant An97_98plagioclase and sparse, exsolved
augite grains (Ryder 1982). There are large modal vari-
ations in sample 60025, depending on which subsample
is being studied; subsamples studied by James et al. (1991)
have significantly more low-Ca pyroxene than augite.
There is an absence of compositional gradients in all el-
ements analyzed. The bulk composition of the grain we
analyzed is difficult to compute because the grain repre-
sents only a fragment of a larger grain. We used a bulk
composition ofW035.2En40.8Fs24.o'The fine structure in this
pyroxene is similar to that in the grain in sample 67075,52
described above. The calculated profile superimposed on

----
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FIGURE3. Images oflunar pyroxene. (a) Augite from ferroan
anorthosite 67075,52, showing several generations of exsolution
features. The wide lamellae are (001) pigeonite inverted to ortho-
pyroxene, whereas the fine (001) lamellae are not inverted. (b)
Augite from gabbronorite 76255,70, showing two generations of
(001) lamellae. The thickest lamellae are -5 ILm wide. (c) The
(001) lamellae of augite (10-25 ILm) in inverted pigeonite from
76255,69. Note the blebby exsolution and the similarity to Still-
water inverted pigeonite shown in d. (d) Inverted pigeonite from

gabbronorite 161 (Stillwater Complex) containing relict (001)
lamellae of augite. The herringbone pattern indicates a (100)
twin plane in the original pigeonite prior to inversion. Note also
the blebby exsolution typical of many pigeonite samples. (e)
Backscattered electron (BSE) image of an exsolved ferropigeonite
from 15403,71. (I) CaKa X-ray map of the same area of the
ferropigeonite grain shown in e. Note the much higher resolution
of the BSE image in comparison with the X-ray image.
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FIGURE4. Compositional profile across host and lamellae in

augite from 67075,52. Spikes in the profile are due to incom-
pletely resolved second-generation exsolution lamellae. Note the
slight compositional gradients in A120, and Ti02.

20 80

the deconvolved profile indicates an upper limit cooling
rate of 1.8 x 10-5 °C/yr (Fig. 6).

Magnesian suite
Samples 76255,69 and 76255,70 are thin sections of

gabbronorite clasts from the polymict impact-melt brec-
cia collected from the Station 6 boulder (Simonds et al.
1974). Both sections contain exquisite examples of com-
plexly exsolved augite and inverted pigeonite (Figs. 3b
and 3c). The (001) pigeonite lamellae in augite show no
evidence of inversion. The (001) augite lamellae in the
inverted pigeonite are up to 20 ~m in width, whereas the
corresponding (001) pigeonite lamellae in augite are typ-
ically around 5 ~m in width. This is consistent with the
larger Ca diffusion coefficients for pigeonite. Composi-
tional gradients, particularly for Al and Ti, at the lamellar
boundaries in both augite and pigeonite are much more
pronounced than those in the FAS pyroxene. Composi-
tional gradients for Ca, Fe, and Mg became apparent after
the profiles were deconvolved (Fig. 7). The bulk com-
position of the augite grain that we modeled is
W036En4sFs16(Fig. 2), and the calculated cooling rate is
3.2 x 1O-2°C/yr, i.e., nearly three orders of magnitude
faster than that calculated for the FAS samples.

The deconvolved profile of 76255,69 pigeonite
(WolO.oEn626Fs27.4)also shows large compositional gradi-
ents at the lamellar boundary, particularly in AI, Ti, and,
to a lesser extent, Ca (Fig. 8). The best-fit computed pro-
file gives a cooling rate of 3.3 x 10-2 °C/yr, essentially
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FIGURE5. Measured (deconvolved) and calculated profiles
in a traverse across a pigeonite lamella and augite host in an-
orthosite 67075,52. Deconvolution factor E= 0.55. Second-gen-
eration lamellae were ignored in the modeling.
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the same as that determined for the coexisting augite de-
scribed above.

Sodic ferrogabbro
Samples 67915,190 and 191 are thin sections from a

sodic ferrogabbro clast in a polymict breccia collected
from Outhouse Rock. This clast probably belongs to the
highland alkali suite. The section consists of relatively
Na-rich plagioclase (An54_69),ferroaugite, ferropigeonite,
a silica mineral, ilmenite, and trace amounts of apatite,
whitlockite, troilite, iron metal, and baddelyite (James
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FIGURE 7. Measured (deconvolved) and calculated profiles
in a traverse across augite host and pigeonite lamella from gab-
bronorite 76255,69. Value of f is 0.55.

and Flohr 1983; McCallum and O'Brien, unpublished
data). Coexisting ferroaugite and ferropigeonite in
67915,190 and 191 have well-developed exsolution la-
mellae approximately 3 and 5 /Lmwide, respectively. The
bulk composition of ferropigeonite as determined by im-
age analysis (Wo14.oEn3s.4Fsso.6)is identical to that deter-
mined by Taylor et al. (1979) using wide-beam micro-
probe techniques. Even though the augite lamellae in this
ferropigeonite are significantly narrower than those in
76255, the calculated cooling rate of 3.7 x 10-2 °C/yr
(Fig. 9) is only slightly larger, reinforcing the point that
the magnitudes of diffusion-generated compositional gra-
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FIGURE 8. Measured (deconvolved) and calculated profiles
in a traverse across pigeonite host and augite lamella from gab-
bronorite 76255,69. Value of f is 0.55. Note that the lamellae in
pigeonite are much wider than those in the coexisting augite.
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FIGURE 9. Measured (deconvolved)and calculatedprofiles
in a traverse across pigeonite host and augite lamella from sodic
ferrogabbro 67915,190. Value off is 0.55.

55

dients are more accurate indicators of cooling rate than
are lamellar widths.

Quartz monzodiorite

The quartz monzodiorite examined in this work occurs
as a clast in thin section 15403,71. This clast is unusually
rich in apatite and whitlockite and contains plagioclase,
pyroxene, and oriented granophyric intergrowths of silica
and potassium feldspar (Marvin et al. 1991). The pyrox-
ene is unzoned, Fe-rich (Fig. 3), and shows finely exsolved
lamellae offerroaugite in ferropigeonite. A CaKa map for
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FIGURE 11. Measured pyroxene compositions, deconvolved
compositions, and calculated profile for the same area of 15403,71
as shown in the BSE image in Figure 10. Value of E is 0.55. Note
that the BSE image shows much better resolution and the pres-
ence of small diffusion gradients at lamellar boundaries.

a finely exsolved ferropigeonite obtained by beam scan-
ning over a 24 h period is shown in Figure 3f. The size
of the excitation volume limits the resolution of this im-
age; a Monte Carlo simulation ofCaKa X-ray production
at 15 keVin diopside indicates that the excitation volume
is nearly spherical and roughly 2 /Lm in diameter. A pro-
file (Fig. 10) across the higher resolution BSE image (Fig.
3e) shows a W shape characteristic of diffusion profiles.
Because the standard step-scanning method provides lit-
tle useful data for narrow lamellae of this type, measured
profiles were determim:d from the X-ray images. A CaJ
(Ca + Mg + Fe) profile across the widest ferroaugite la-
mella is shown in Figure 11. To deconvolve this profile,
correction factors for beam-overlap effects were calculat-
ed using the method of Ganguly et al. (1988) and 0.09
/Lm steps across a vertical pigeonite-augite interface. The
correction factors were then applied to the measured pro-
file to compute a deconvolved profile (Fig. 11). The ne-
cessity of deconvolution in the analysis of narrow lamel-
lae is clearly demonstrated in this case. The best-fit
calculated profile gives a cooling rate of 1.8 x 10-1 °CI
yr for this sample (Fig. 11).

Stillwater Complex

Sample 161, a gabbronorite from GN-III near the top
of the exposed section of the Stillwater Complex, contains
inverted pigeonite with well-developed (001) exsolution
lamellae of augite (Fig. 3d). The lamellae are commonly
arranged in a herringbone pattern, indicating that they
exsolved from a twinned monoclinic pigeonite prior to
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FIGURE 12. Measured (deconvolved) and calculated profiles
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inversion. Major elements show no compositional gra-
dients, whereas Al shows a slight gradient. The computed
profile provides a good fit to the deconvolved profile (Fig.
12). The cooling rate of 7.3 x 1O~5 is similar to those
determined for the ferroan anorthosite samples.

DISCUSSION

Depth of burial

Inversion of a cooling rate to a unique depth of burial
is not possible without additional information on the ge-
ometry and thermal state of the cooling body and its sur-
roundings. To compound the problem, measured values
of the thermal diffusivity vary widely, and the problem
is particularly severe in the lunar case because of the pres-
ence of a thick regolith that existed early in lunar history.
Materials in porous regoliths might be expected to have
significantly lower thermal conductivities. Consequently,
the estimation of burial depth is the least well-constrained
aspect of the problem. Lacking the controls on geometry
and thermal states that would justify a more rigorous
approach, we chose to use the data from the Stillwater
pyroxene to calibrate cooling rates as a function of depth
because, in the case of Stillwater samples, geobarometry
provides an independent measure of the depth of burial.
Assemblages in the hornfels exposed at the base of the
complex indicate equilibration at pressures between 3 and
4 kbar at 825°C (Labotka 1985), which correspond to
depths between 11 and 15 km. We assume a depth of 13
:t 2 km for the lower contact of the complex. We estimate
that at the time of crystallization of the pigeonite in sam-
ple 161, which was used as our calibrating sample, the
depth of cover was 11 :t 2 km. Lava flows, lava lakes,
and sills (and presumably magma oceans) closely follow
the relationship Z = C x Vi, where Z is the depth in
meters to a particular isotherm, t is the cooling time in



TABLE2. Cooling rates and depths of burial

Cooling rate
7; (OC) 7; (OC) (OC/yr) Depth (km)

67075,52 Aug 1087 800 3.7 x 10~5 14
60025,130 Aug 1097 800 1.8 x 10~5 21
76255,69 Aug 1117 800 3.2 x 10~2 0.5
76255,69 Pig 1136 800 3.3 x 10~2 0.5
67915.190 Pig 1070 825 3.7 x 10~2 0.5
15403,71 Pig 1024 750 1.8 x 10~1 0.2
SWC 161 Pig 1130 800 7.3 x 10~5 11
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years, and C is a constant dependent on the thermal dif-
fusivity. The calculated cooling rate for Stillwater pigeon-
ite of 7.3 x 10-5 °C/yr over the temperature range from
1130 to 800°C gives a value of C = 5.2 :t 1.0. An in-
dependent estimate of the value for C can be obtained
from the magma-ocean thermal evolution models of So-
lomon and Longhi (1977). From the thermal model that
they rate as their most complete, a value of C = 4.4 is
obtained if Z represents the distance from the surface to
the base of the crust, i.e., the magma-ocean solidus. Giv-
en the unknown factors discussed above and the uncer-
tainties in thermal conductivities, more sophisticated
thermal models are not warranted. Although the com-
putations of absolute depths of burial could be in error
by a significant amount, we feel that there is an internal
consistency in the method described above and that the
results have meaning in a relative sense. Results (on the
basis of C = 5.2) are summarized in Table 2.

The most striking result of our study is the large dif-
ference in depth of burial between the ferroan anorthosite
suite and the Mg-suite samples. If the upper crust is dom-
inated by ferroan anorthosite, as is commonly assumed,
then this crustal layer extends to depths of tens of kilo-
meters. The highland magnesian and alkali suite samples
examined in this study have much more rapid cooling
rates and probably formed as cumulates in intrusions em-
placed within the uppermost crust. This conclusion agrees
with that of Ryder (1992), who presented mineralogic
evidence indicating that Mg-suite dunite 72415 crystal-
lized at a depth of < 1 km. Troctolite sample 76535, a
member of the Mg suite, may be a possible exception to
this general conclusion. Gooley et al. (1974) suggested
that this rock formed at a depth between 10 and 20 km.
However, the original geobarometric calculations on
76535 were based on simple solution models now known
to be incorrect.

Lunar crustal stratigraphy
Virtually all the large ferroan anorthosite samples in

the collection are from the Descartes Formation of the
Central Highlands (Apollo 16). The data presented in this
paper indicate that ferroan anorthosite was excavated from
depths of up to 20 km in this area. Because Descartes
material was derived from the upper crustal levels at the
impact site of the Nectaris basin (Spudis 1993), it is rea-
sonable to conclude that ferroan anorthosite is the dom-
inant upper crustal rock type in this region. However, the

composition of the upper crust north and west of the
Central Highlands is much more problematic. Ferroan
anorthosite is rare in the Imbrium ejecta at the Apennine
front (Apollo 15) and Fra Mauro region (Apollo 14) and
absent from the Serenitatis region sampled by Apollo 17.
Either the anorthositic upper layers of the lunar crust
were removed from a significant fraction of the nearside
by pre-Serenitatis impact events, or no ferroan anortho-
sitic layers ever formed in this region.

In contrast, Mg-suite samples are common in the Im-
brium, Serenitatis, and Fra Mauro areas, and cooling rates
calculated for these samples are consistent with their for-
mation as cumulates in high-level magma chambers em-
placed into the upper crust during the first 600 m.y. of
lunar history. The Fra Mauro Formation breccias (Apollo
14) provide the best indicator of the makeup of the pre-
Imbrium upper crust in this region of the Moon. These
breccias have an overall mafic composition and comprise
a complex mixture ofMg-suite clasts, KREEP fragments,
and older mare basalts. Magmatism in the form of lava
flows and subjacent plutons was apparently active in Im-
brium and Serenitatis regions of the Moon during pre-
Imbrium times possibly in response to crustal thinning
by impact processes and mantle rebound (Zuber et al.
1995).

Evidence on the constitution of the middle to lower
crust is less direct because no crystalline samples in the
sample collection can be unequivocally assigned to these
crustal layers. Impact melts associated with the largest
basins provide the best opportunity to deduce lower
crustal stratigraphy. Low-K Fra Mauro (LKFM) "basalt"
composition is a ubiquitous component of Apollo 15 and
17 soils and forms the matrix of melt-rich, fragment-lad-
en breccias at these sites. These melts are believed to be
representative of the main melt sheets now largely cov-
ered by mare basalts. Cratering models are consistent with
the formation ofLKFM by impact melting of middle and
lower crust layers (Ryder and Wood 1977; Spudis 1993).
Apollo 15 LKFM melts are more mafic, poorer in KREEP,
and have higher Mg/(Mg + Fe) than the Apollo 17 LKFM
melts. Because the Imbrium impact excavated material
from a deeper level of the crust, it can be concluded that
the middle to lower crust (30-50 km) becomes progres-
sively more mafic and KREEP poor with depth. Appro-
priate protoliths of the LKFM melts, and by inference
the main rock types in the middle to lower crust, are
noritic and troctolitic cumulates formed during global
magma-ocean differentiation.

The inferred decrease in the abundance of the KREEP
component with depth in the middle and lower crust leads
to the conclusion that a KREEP-rich layer is located at
some intermediate layer within the crust rather than at
the crust-mantle boundary. KREEP is widely believed to
be a late-stage residue from fractionation of the magma
ocean, and, as such, it is analogous to the Sandwich Ho-
rizon in the Skaergaard Intrusion, which is located above
a thick sequence of gabbroic and trocto1itic cumulates.
There is no compelling reason to place the KREEP layer
at the crust-mantle boundary as is commonly done.



McCALLUM AND O'BRIEN: LUNAR CRUSTAL STRATIGRAPHY

One of the most interesting aspects of lunar science is
the apparent absence among the returned lunar samples
of crystalline rocks that can be unequivocally assigned to
the upper mantle or lower crust. Samples that may have
been derived from the lower crust occur in the form of
LKFM impact melts. The closest crystalline equivalents
of this composition are the Apollo 17 norite samples,
which, however, have geochemical affinities, e.g., low Til
Sm, low SciSm, high REE, with other highland Mg-suite
samples that formed by accumulation in high-level
chambers. Norite formed during crystallization of the lu-
nar magma ocean would have the trace element charac-
teristics of the ferroan anorthosite, as is the case for co-
genetic norite, troctolite, gabbronorite, and anorthosite
formed during fractionation and accumulation of terres-
trial layered intrusions. Because such norite is not present
in the lunar collection, the possibility must be seriously
considered that crystalline samples derived from the low-
er crust are absent, or very rare, on the lunar surface.
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