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[1] We present model mineralogy of impact crater central peaks combined with crustal
thickness and crater central peak depth of origin models to report multiple perspectives of
lunar crustal composition with depth. Here we report the analyses of 55 impact crater
central peaks and how their compositions directly relate to the lunar highlands sample
suite. A radiative transfer model is used to analyze Clementine visible plus near-infrared
spectra to place compositional constraints on these central peak materials. Central peaks
analyzed are dominantly magnesian- and plagioclase-poor; strong compositional
similarities to lunar Mg-suite materials are evident. Relative to crustal thickness estimates,
central peak mineralogy becomes more plagioclase-rich as the crust thickens. Relative to
the crust-mantle boundary, the origin of peaks with dominantly mafic mineralogy are
confined to the lower crust and primarily within the South-Pole Aitken and

Procellarum KREEP Terranes (PKT); additionally, central peaks with anorthositic
mineralogy (>60 vol % plagioclase) are transported to the surface from all depths in the
crustal column and confined to the Feldspathic Highlands Terrane (FHT). The
discovery of mafic and magnesian materials, consistent with Mg-suite rocks of the sample
collection, in all lunar terranes suggests that the process and sources that give rise to these

types of rocks is not unique to the PKT and not necessarily dependent on

incompatible elements for formation. The identification of ferroan and magnesian
anorthositic material near the crust-mantle boundary of the FHT is also inconsistent with
an increasing mafic/feldspar ratio and Mg’ with depth in the crust.

Citation: Cahill, J. T. S., P. G. Lucey, and M. A. Wieczorek (2009), Compositional variations of the lunar crust: Results from
radiative transfer modeling of central peak spectra, J. Geophys. Res., 114, E09001, doi:10.1029/2008JE003282.

1. Introduction

[2] Many lines of evidence suggest that the lunar crust
varies in composition with depth. The first evidence to
support this was the discovery of tiny flecks of feldspar
within the first lunar soil sample collected (10084) [Smith et
al., 1970; Wood et al., 1970]; these grains of feldspar
were inferred to originate from the nearby highlands
and suggested the lunar crust consisted predominantly of
plagioclase-rich rocks. This discovery led Wood et al.
[1970] to hypothesize that the Moon formed from a global
magma ocean and the first compositional constituents to
float to the surface and build a crust consisted of anorthite.
Further examination of lunar rocks also revealed mafic,
magnesian samples that added compositional complexity to
our view of crustal composition and formation subsequent
to anorthositic crust emplacement [Warner et al., 1976;
Warren and Wasson, 1977].

[3] In order to better understand these complexities
scientists looked to additional samples and data sets to

"Hawaii Institute of Geophysics and Planetology, University of Hawaii
at Manoa, Honolulu, Hawaii, USA.
Institut de Physique du Globe de Paris, Saint-Maur, France.

Copyright 2009 by the American Geophysical Union.
0148-0227/09/2008JE003282$09.00

analyze ever deeper lunar material. Ryder and Wood
[1977] hypothesized that the “black-and-white” impact
melt rocks of 15445 and 15455, associated with the
Serenitatis and Imbrium impact basins, suggested that lunar
crust consisted of three layers of systematically increasing
mafic mineralogy with depth. Other sample studies, including
those of Luna 24 regolith, suggested the crust showed lateral
compositional heterogeneity [Warner et al., 1978]. Warren
[1979] and James [1980] synthesized these complexities and
hypothesized that they could be explained via intrusions of
separate ultramafic partial melts from the mantle (i.e., Mg-suite
rocks) into a ferroan anorthosite (FAN) lunar crust formed via
plagioclase flotation.

[4] Other scientists focused their research efforts on the
deeply excavating exposures of impact craters and basins,
using Earth-based telescopic and orbital remote sensing data
sets. Spudis et al. [1984] and Spudis and Davis [1986]
observed a systematic trend in composition with basin
diameter which they interpreted to indicate vertical
chemical structure within the crust. Spudis and Davis’
[1986] analysis of several impact basins led to their
hypothesis that the crust consisted of an upper crustal
mixture of anorthositic gabbro overlying mafic noritic
(e.g., norite, LKFM basalts, and potassium, rare earth
element, and phosphorus (KREEP) bearing) basement rocks
intruded sporadically by Mg-suite lithologies.
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[s] Pieters [1986] focused on examination of telescopic
spectra of large impact crater central peaks on the lunar
nearside. Pieters’ [1986] study detected significant compo-
sitional complexity in the crust, laterally and vertically.
Tompkins and Pieters [1999] expanded upon Pieters’
[1986] study, for the first time examining a global distribu-
tion of impact central peaks with ultraviolet and visible
multispectral Clementine images. Tompkins and Pieters
[1999] spectral analysis of 109 crater peaks showed an
unprecedented amount of compositional heterogeneity in
the crust, but yielded no clear vertical or lateral patterns in
lithology. Building upon these findings, Wieczorek and
Zuber [2001] combined quantitative geophysical model
estimates of lunar crustal thickness with the compositional
results of Tompkins and Pieters [1999] to detect distinct
compositional differences between the upper and lower
portion of the crust; the upper crust averaged ~85 vol %
plagioclase compared to a more mafic 65 vol % plagioclase
for the lower crust.

[6] Here we aim to build upon these studies combining
quantitative spectral reflectance and crustal thickness algo-
rithms to examine the stratigraphic composition of the lunar
crust. Wieczorek and Zuber’s [2001] model predicted that
17 craters of the Tompkins and Pieters [1999] data set
sampled the lower crust of the Moon. In this study we
specifically target craters that plausibly transport material
from the deepest crust (and perhaps mantle) by using the lunar
crust-mantle boundary as a point of reference when examining
each crater peak. Our approach to modeling the crust is similar
to that of Wieczorek and Zuber [2001] where we consider
impact crater central peak origin relative to a single layered
crustal thickness model. With this information we prioritize
our selection of craters to survey for central peaks that
plausibly excavated lower crust and/or mantle material. Out
of the 55 impact crater central peaks reported here, approxi-
mately half are calculated to plausibly excavate material from
within 5 km or below the crust-mantle interface. Tompkins and
Pieters [1999] spectral interpretation approach of designating
spectral classes for different rock types is then refined
by analyzing combined Clementine visible (UVVIS) and
near-infrared (NIR) reflectance spectra with a quantitative
radiative transfer model based upon the work of Hapke
[1981, 1993, 2001]. Similar versions of this model have been
implemented and validated in the lunar and asteroid literature
[Cahill and Lucey, 2007; Denevi et al., 2008; Lawrence and
Lucey, 2007; Lucey, 2004; Lucey and Noble, 2008]. We
demonstrate this method on the impact crater central peak
Finsen which is a typical example of the crater sample
examined here. Compositionally, Tompkins and Pieters
[1999] observed an exceptional amount of spectral variability
in Finsen including some of the only central peak spectra
interpreted to be orthopyroxene-rich (other craters include
Bullialdus, Birkeland, Bhabha, Lyman, and White). It has
been hypothesized by some that these orthopyroxene-rich
peaks may indicate a compositional transition to lower crustal
material [ Wieczorek and Zuber, 2001].

[7] Our crater sample shows compositional complexity
similar to that reported by Tompkins and Pieters [1999];
however, our combined estimates of crustal thickness, crater
depth of origin, and composition for these peaks have
allowed us to identify trends in composition vertically and
horizontally. Our results suggest a more mafic crust than
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reported by Tompkins and Pieters [1999]. The most mafic
of these lithologies are largely confined to within 40 km
of the crust-mantle boundary and in the South-Pole Aitken
(SPA) and Procellarum KREEP Terranes (PKT). Anorthositic
peaks are largely confined to the Feldspathic Highlands
Terrane (FHT), but are found at all levels of the crustal
column. Despite these findings peaks with an average
composition indicative of anorthosite are rarely detected.
Previous studies show that anorthosite is abundant in peak
rings, but these are not examined here [Hawke et al., 1991;
Hawke et al., 1993; Hawke et al., 2003; Spudis et al., 1984].
The majority of peaks in this study show remarkable
compositional similarity to Mg-suite lithologies in the lunar
sample collection. The likely reason for this is our sampling
of craters which is dominated by models that suggest their
peaks originated within lower crust or mantle.

2. Approach
2.1. Modeling Crustal Thickness

[8] In order to select craters to analyze and examine any
correlations in composition they may have with depth we
first need to define the thickness of the crust globally. The
models presented here are based upon the models of
Wieczorek and Phillips [1998] and Wieczorek et al.
[2006]. First, the gravity field that results from surface
topography is computed (i.e., the Bouguer correction). This
contribution is subtracted from the observed free air gravity
field of the body, resulting in the Bouguer anomaly which is
interpreted as relief along a subsurface density interface.
These models assume that the crust is uniform in density
(excluding a thin veneer of mare basalts in some areas) but
do not assume that the Moon is isostatically compensated. A
crustal thickness of 45 km at the Apollo 12 and 14 sites
serves as our modeling anchor points [Wieczorek et al.,
2006]. This thickness is consistent with recent seismic
inversions which suggest that the crustal thickness at these
two sites is probably considerably thinner than the 65 km
suggested by Toksoz et al. [1972]. Current thickness esti-
mates of these sites include 45 + 5 km [Khan et al., 2000],
38 + 8 km [Khan and Mosegaard, 2002], and 30 £ 2.5 km
[Lognonne et al., 2003].

[9] Our first model, model 1, is a canonical model in
which the lunar gravity field is assumed to be solely the
result of surface topography, a thin veneer of dense mare
basalts, and relief along the crust-mantle interface. For this
model the gravitational attraction of the mare basalts within
the nearside mascon basins was taken into account using
the mare thickness model of Solomon and Head [1980]
modified by the maximum thickness constraints of Williams
and Zuber [1998]. A density of 2900 and 3300 kg m > was
assumed for the crust and mare basalts, respectively. For
this model, a density of 3320 kg m > was assumed for the
upper mantle.

[10] Model 2 has one substantial difference from model 1.
In model 2 we allow for the possibility that the degree-1
shape of the Moon might not be the result of crustal
thickness variations (i.e., the 1.9 km center-of-mass/center-
of-figure offset) but might instead be a result of lateral
variations in density of the crust and/or mantle. In particular,
the spherical harmonic degree-1 Bouguer anomaly terms
were set to zero before inverting for the crustal thickness.
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Figure 1.

For each crater the proximity to the lunar crust-mantle boundary was calculated by

subtracting the depth of origin (D) from the crustal thickness (7). Here proximity to the crust-mantle
boundary (P) via the maximum depth of origin is illustrated.

[11] The resulting average crustal thicknesses for models
1 and 2 are 53 and 43 km. The uncertainty of our crustal
thickness maps is difficult to quantify as this depends upon
our choice of the crustal and mantle densities, which are, a
priori, not well known, as well as the uncertainty in the
gravity model, which is poorly constrained over the farside
hemisphere. Given that our models are also anchored by the
Apollo seismic data, and the most recent inversion results
differ by about 10 km, it is probably prudent to use an
uncertainty of at least £5 km for the absolute crustal
thickness at any locale on the Moon.

[12] Both model 1 and 2 are used to determine a sample
of potential mantle candidate peaks to examine here. Both
models are valid scientific estimates of crustal thickness.
However, in this study we simplify and focus on model 1
but recognize that aspects of each model are plausibly
occurring in the lunar crust. Figures S1-S4 detailing
aspects of model 2 crustal thickness estimates and 0.1D
estimates of peak depth of origin are located in the auxiliary
material.'

2.2. Modeling Peak Depth of Origin

[13] Peak depth of origin is difficult to estimate owing to
the number of variables that influence the calculation. Each
impact crater was created with a unique set of variables that
characterize the initial impactor, its path, as well as the
target material that ultimately influence the depth a peak
will originate. However, studies of both impact theory and
terrestrial craters have provided some benchmarks to make
estimates of peak origin. Previous estimates of crater depth
of excavation, which is referring to the depth of origin of
crater ejecta, are estimated to be 0.1 to 0.2 times the
diameter, D, of complex craters [Croft, 1980; Dence,
1968; Melosh, 1989; O ’Keefe and Ahrens, 1993; Roddy,
1977]. However, another estimate to consider is the depth of
melting. Cintala and Grieve [1998] suggest that the mini-
mum depth of origin for a central peak coincides with the
maximum depth of melting, and this origin is a function of
crater diameter. The resulting depth of melting incurred by
the crust follows an estimate of 0.109D"%, where D is the
final rim diameter of the crater in kilometers. This approx-

'Auxiliary materials are available in the HTML. doi:10.1029/
2008JE003282.

imation method falls somewhere in between 0.1D to 0.2D
depending on the diameter of the crater being examined.

[14] Here, we consider both approximations of peak
depth of origin; one estimating a depth of origin at 0.1D
and the other at 0.109D"%®. The concept for estimating peak
depth of origin is that the peak must originate from below
the melt, so that the Cintala and Grieve [1998] estimates for
depth of melting provide a lower limit or the maximum
possible depth of origin that can differ substantially from
0.1D for large craters. We use both estimates to determine
our sampling of craters to examine, but neither is shown to
have a higher correlation with composition. For this reason
here we simplify and focus on the method of Cintala and
Grieve [1998]. Impact crater diameter and location are
determined from the online database of J. McDowell
(available at http://host.planet4589.org/astro/lunar/). With
this information craters were evaluated for discernable
peaks before they were examined spectrally.

2.3. Determination of Central Peak Origin in the Crust

[15] Once we have constructed our crustal thickness
models and estimated peak depth of origin we combine
them to select craters of interest and determine vertical and
lateral correlations with composition. Two methods of
relating crater peak position and origin with composition
are used. First, composition relative to the crustal thickness
in the vicinity of each peak is examined to determine if
composition is correlated with the overall thickness of the
lunar crust. Second, we also examine where peak material
originated within the crust relative to the crust-mantle
boundary. This is examined in two ways. One estimate is
calculated by determining the difference between the crustal
thickness and peak excavation depth (Figure 1). This is
expressed by the equation

P=T-D (1)

where P is proximity to the crust-mantle boundary, T is
crustal thickness estimates for model 1 or model 2,
respectively, and D is the depth of origin using estimates
for the maximum depth of melting (D;) or maximum depth
of excavation (D,), respectively. For peaks where P is
negative, crater peaks plausibly expose mantle material and
for craters where P is positive peaks are modeled as having
no chance of exhuming lunar mantle material.
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Figure 2. Location map of the impact crater central peaks examined in this study plotted on a Clementine
750 nm simple cylindrical image of the global lunar surface (1 km pixel ). (a) Red boxes denote the impact
crater central peaks that were considered for compositional modeling. (b) Red boxes denote the impact
crater central peaks that have immature material and were analyzed in this study.

[16] For our second estimate, we examine where peak
material originates relative to the current state of the crustal
column. To do this, we scale P to the crustal thickness under
that crater giving us knowledge of peak origin vertically
relative to crustal thickness. This is expressed by the
equation

R=(T-D)/T (2)

where R is a dimensionless quantity less than 1 that
estimates the original position of central peaks in the
context of the crustal column. For peaks where R is positive,
material originated within the crust (e.g., 0 to 1); and for
peaks where R is negative (e.g., <0), material originated
from the lunar mantle.

[17] Crater peaks are prioritized for analysis using the
parameter P. Crater central peaks modeled as plausibly
originating in the lunar mantle, or at least lower crust,
are given first priority for analysis. From this list we
evaluate impact craters with high-resolution Clementine
data (100 m pixel ") to determine if a peak is present and
that immature material (i.e., a value >0.3 using the optical
maturity parameter (OMAT) of Lucey et al. [2000]) is
available for analysis. This yields 28 central peaks we
examine with material estimated to plausibly originate in

or near the mantle. An additional 27 central peaks selected
at random are examined for which no models predict the
excavation of mantle rocks. This yields a total of 55 peaks
and their compositions reported here out of the ~100 craters
evaluated for a central peak and immature material based
upon the optical maturity parameter of Lucey et al. [2000]
(Figure 2).

2.4. Spectral Analysis Approach

[18] Crater central peaks are analyzed by comparing
Clementine reflectance spectra to radiative transfer modeled
spectra. The radiative transfer theory of Hapke [1981, 1993,
2001], mineral optical constant data of Lucey [1998] and
iron optical constant data of Paquin [1995] are used in this
model. Similar implementations of the model used here are
reported by Clark et al. [2001], Cahill and Lucey [2007],
and explained in detail by Lawrence and Lucey [2007]. In
general, the model uses the optical constants (real, n, and
complex indices, k, of refraction) of minerals to calculate
single scattering albedo (the probability a photon will
survive an encounter with a material) for each component
at a specified particle size, maturity, and mineral chemistry.
Single scattering albedo of each mineral component is
added linearly, weighted by abundance, and converted to
reflectance. Mineral modes used for this study span a
plagioclase-olivine-orthopyroxene-clinopyroxene system at
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Table 1. Summary of Near-Infrared Correction Factors

Spectra Band (nm) Gain Offset
1100 0.87 0.0246
1250 0.854 0.0316
1500 0.792 0.0514
2000 0.742 0.068

5 vol % intervals (17,710 modal combinations). Model
spectra are computed and compared to Clementine spectra
as a function of Mg number (Mg’ = molar Mg/(Mg + Fe) x
100) ranging from 50 to 95 in increments of 5.

[19] We account for space weathering by using the optical
maturity method of Lucey et al. [2000] and compute our
models on the basis of the full range of immature compo-
sitions. Lucey et al’s [2000] OMAT quantifies optical
maturity combining the reflectance and spectral contrast
of each spectrum in a manner that is largely insensitive to
composition. At 1 km spatial resolution the Moon ranges
from 0.2 (highly mature) to 0.5 (immature) in this
parameter. Here we compute models to cover 46 levels of
maturity from 0.275 to 0.5 OMAT in increments of 0.005,
which covers the full range of immature compositions on
the surface of the Moon.

[20] Cahill and Lucey [2007] demonstrate that several
models can have the same relative reflectance shape but
very different absolute reflectance values. So, here the
model with the most similar relative reflectance spectral
fit and estimated FeO (which is a function of absolute
reflectance) to that of each Clementine spectrum is chosen
as a match. Clementine estimated FeO is determined via the
method of Lawrence et al. [2002] and model FeO is
determined stoichiometrically for each model mineralogy.
Using FeO as a constraint exposes the method to errors due
to the influence of the local slope relative to the Sun on the
derivation of FeO, so our uncertainties in estimating pla-
gioclase content in particular are increased relative to a data
set without this artifact. The relative error for individual
minerals, Mg’, and FeO is conservatively £10—15%,
+8 units, and 1-2 wt %, respectively [Denevi et al.,
2008; Lucey, 2004].

[21] The data analyzed here differ from Lucey [2004] and
Cahill and Lucey [2007] by including both Clementine
UVVIS and NIR data (e.g., eight wavelengths including
0.75, 0.9, 0.95, 1.0, 1.1, 1.25, 1.5, and 2.0 pm) to enable
better mineralogical interpretations. Both data sets are
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examined at a spatial resolution of 100 m. Clementine
near-infrared spectra are calibrated to Earth-based telescopic
spectra collected of various locations on the lunar nearside.
Documentation for these correction procedures and their
results are posted on the USGS Web site (http://astrogeology.
usgs.gov/Projects/ClementineNIR/) courtesy of B. W.
Denevi and P. G. Lucey (personal communication, 2007).
Spectra gain and offset corrections per near-infrared spectral
band are reported in Table 1.

3. Results

[22] Our results are reported in several sections, each
section gradually adds additional perspectives to our overall
view of the lunar crust. We first illustrate our method of
spectral analysis by reporting compositional and crustal
thickness estimates on an example central peak. We then
place all the peaks analyzed into the perspective of the lunar
sample suite for compositional and petrologic context.
Finally, we add “depth” to this petrologic context by
placing our compositional results into several perspectives
of estimated lunar crustal thickness and central peak point
of origin in the crust.

3.1. Analysis of Finsen Central Peak

[23] Here we illustrate our analytical method applied to
the impact crater Finsen as an example (Figure 3). Finsen is
located within SPA at 42°S and 177.4°W and has a diameter
of 72 km. We estimate the local lunar crust in this area is
between 5 and 16 km (7 and 75, respectively) in thickness
and Finsen likely transported material from 7 to 11 km of
depth. Finsen peak is also modeled to originate from 5 km
above or 5 km below the lunar crust-mantle boundary (P,
and P», respectively; Table 2). The inferred proximity to the
crust-mantle boundary makes Finsen a typical example of
the deepest originating peaks we analyze here.

[24] Our derived compositions of Finsen central peak
spectra are more mafic than previously reported by
Tompkins and Pieters [1999] (Figures 4 and 5). Mineral
maps of Finsen show that olivine and plagioclase abundances
on average are low (9.4% and 25.4%, respectively), while
the average abundances of orthopyroxene and clinopyroxene
are higher (32.7% and 32.5%, respectively; Figure 5). On the
lunar rock type classification scheme of Stdffler et al. [1980]
Finsen’s average lithology is a gabbroic norite; however,
other lithologies present include norite, noritic gabbro,

Figure 3.

(a) Finsen crater is 72 km in diameter, and we estimate that it overlays crust that is 5—16 km

in thickness. Black areas are void of Clementine data. (b) Finsen central peak is estimated to have
exhumed material from between 7 and 11 km of depth.
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Table 2. Impact Crater Characteristics, Estimated Depth of Origin, and Crustal Thickness Values

Crater Latitude  Longitude
Name Diameter  (deg) (deg) T, 7., D, D, P? P,° Py° P R° RS RE RS
Aitken 135 —16.8 173.4 41.0 264 222 135 188 42 275 129 05 0.2 0.7 0.5
Alder 77 —48.6 —1774 171 67 121 17 5.0 -53 94 —10 03 —08 05 —0.1
Antoniadi 143 —69.7 —1720 162 93 236 143 —-74 —144 19 -50 —05 —15 01 —05
Aristillus 55 33.9 12 308 318 84 55 224 234 253 263 07 07 08 0.8
Aristoteles 87 50.2 17.4 296 289 138 87 158 152 209 202 05 0.5 0.7 0.7
Arzachel 96 —18.2 -1.9 388 417 153 9.6 235 264 292 321 06 06 08 0.8
Atlas 87 46.7 44.4 337 329 138 87 200 191 250 242 06 06 07 0.7
Bel’kovich 214 61.1 90.2 360 300 366 214 —06 —66 146 86 00 —02 04 03
Berkner 86 252 —1052 506 365 136 86 369 229 420 279 07 06 08 0.8
Bettinus 71 —63.4 —448 402 368 111 7.1 291 257 331 297 07 07 08 0.8
Bhabha 64 —55.1 —1645 155 59 99 64 5.6 —-40 91 -05 04 —07 06 —0.1
Birkeland 82 —30.2 173.9 229 109 129 82 100 —2.0 147 27 04 —02 06 02
Borman 50 —38.8 —1477 160 52 76 50 8.4 —24 110 02 05 —05 07 0.0
Bose 91 —535 —1700 162 64 145 9.1 1.8 —-80 71 =27 01 —13 04 —04
Boyle 57 —53.1 178.1 139 49 87 57 52 -38 82 —08 04 —08 06 —02
Bullialdus 60 —20.7 —222 250 266 92 60 158 174 190 206 06 07 08 0.8
Burg 39 45.0 28.2 327 326 58 39 269 269 288 287 08 08 09 0.9
Carpenter 59 69.4 —50.9 385 313 90 59 294 222 326 254 08 07 08 0.8
Clavius 245 —58.8 —14.1 393 383 424 245 30 —41 148 138 —01 —0.1 04 04
Compton 162 55.3 103.8 33.0 266 271 162 59 -05 168 104 02 00 05 0.4
Copernicus 93 9.7 —20.1 333 342 148 93 185 193 240 249 06 06 07 0.7
Crommelin 94 —68.1 —1469 185 109 150 94 35 —-41 91 15 02 —04 05 0.1
Crommelin C 44 —66.4 —1448 161 86 66 44 9.6 2.0 117 42 06 02 07 0.5
Crookes 49 —10.3 —1645 781 569 74 49 707 495 732 520 09 09 09 0.9
Davisson 87 —375 —1746 159 47 138 87 2.1 91 72  —40 01 —-19 05 —09
Dryden 51 —33.0 —1552 216 90 77 51 13.9 13 16.5 3.9 06 0.1 0.8 0.4
Eijkman 54 —63.1 —1415 159 79 82 54 7.7 —-03 105 25 0.5 00 07 0.3
Eijkman D 25 —62.3 —1369 163 83 36 25 128 4.8 13.8 5.8 08 06 08 0.7
Finsen 72 —42.0 —1779 163 54 112 72 5.1 -58 91 —-18 03 —11 06 —03
Fizeau 111 —58.6 —1339 190 104 18.0 11.1 1.0 -75 79 —07 01 —07 04 —0.1
Grissom M 38 —49.1 —1477 181 715 56 38 124 1.9 143 3.7 07 03 0.8 0.5
Hopmann 88 —50.8 160.3 18.8 103 140 88 49 -37 100 15 03 —04 05 0.1
Jackson 71 224 —163.1 720 521 111 71 610 411 649 450 08 08 09 0.9
Joliot 164 25.8 93.1 385 344 274 164 110 70 221 180 03 02 06 0.5
Keeler 160 —10.2 161.9 472 328 267 160 205 6.1 312 168 04 02 07 0.5
King 76 5.0 120.5 500 413 119 76 381 294 424 337 08 07 08 0.8
Langmuir 91 —35.7 —1284 560 415 145 91 415 27.1 469 324 07 07 08 0.8
Lemaitre S 34 —61.6 —1563 162 75 50 34 113 25 128 41 07 03 0.8 0.5
Lowell 66 —12.9 —103.1 637 485 102 6.6  53.5 382 571 419 08 08 09 0.9
Lyman 84 —64.8 163.6 180 109 133 84 4.7 24 96 25 03 —02 05 0.2
Maksutov 83 —40.5 —1687 173 59 131 83 42 -72 90 24 02 —12 05 —04
Maunder 55 —14.6 —93.8 306 217 84 55 222 134 251 162 07 06 08 0.7
Ohm 64 18.4 —113.5 587 427 99 64 488 328 523 363 08 08 09 0.9
Orlov 81 —25.7 —1750 272 138 128 8.1 14.4 1.0 19.1 5.7 0.5 0.1 0.7 0.4
Pythagoras 142 63.5 —63.0 374 297 235 142 139 62 232 155 04 02 06 0.5
Scaliger 84 —27.1 108.9 418 366 133 84 285 233 334 282 07 06 08 0.8
Stevinus 74 —325 542 429 445 116 74 313 330 355 371 07 07 08 0.8
Stoney 45 —55.3 —156.1 13.6 44 67 45 6.8 —24 91 —-0.1 05 —05 07 0.0
Theophilus 110 —11.4 26.4 292 336 178 110 114 158 182 226 04 05 0.6 0.7
Tsiolkovsky 185 —212 128.9 492 401 312 185 180 8.8 307 216 04 02 06 0.5
Tycho 102 —43.4 —11.1 409 415 164 102 245 251 307 313 06 06 08 0.8
Vavilov 98 —0.8 —1379 765 566 157 98 608 409 667 468 08 07 09 0.8
Von Karman 180 —44.8 175.9 171 69 303 180 —133 -235 —09 —11.1 —08 —34 —01 —1.6
White 39 —44.6 —1583 201 85 58 39 143 2.7 162 46 07 03 0.8 0.5
Zucchius 64 —61.4 —50.3 40.0 363 99 64  30.1 264 336 299 08 07 08 0.8
ﬂP[ = T] — D].
°p, =T, — Dy.
CP:', = Tl — Dz.
dp, =T, — D,.

R, = (Ty = DY/Th.
fRz = (T2 - Dl)/Tz
gR3 = (T| - Dz)/T]
"Ry = (T> — D,)/T>.

pyroxenite, and olivine-bearing gabbronorite. The average
Mg’ for Finsen central peak is 63.7, but the range of Mg’ is
40-75 indicating the presence of both ferroan and magnesian
lithologies. Mean FeO determined from Clementine spectra

is 14 wt % and ranges from 10 to 22 wt %.

3.2. Central Peak Composition Relative to Lunar
Samples

[25] All other central peaks are analyzed in the same way
as described for Finsen (Tables 2—3). Here we establish the
modeled composition of each peak relative to the known

6 of 17



E09001

~ Opx-Rich Material

a
1.4} 1

Reflectance/Mean

0.8} ]

I 1 L L I 1 1

0810 1214 16 1.8 2.
Wavelength (microns)

Figure 4. Representative Clementine and model
(a) relative and (b) absolute reflectance formats.

compositions of lunar highlands samples. Models of central
peak spectra show a large diversity of average lithologies
but most of them are dominantly mafic (Figure 6). Peaks
with mafic model mineralogy also show many similarities
to olivine-bearing gabbronorite Mg-suite rocks of the lunar
sample collection. However, peak pyroxene abundances
show more diversity with orthopyroxene-rich gabbroic
norite and clinopyroxene-rich noritic gabbro lithologies
both being present. Several peaks modeled also have
anorthositic mineralogies and show similarities to both lunar
FANSs and anorthositic Mg-suite rocks.
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[26] The typical method to discern lunar petrologic suites
is to compare mafic mineral Mg’ with one of the numerous
“plagiophile-loving” elements or ratios (e.g., Ca/Ca+Na,
Al, Ti/Sm, Al/Eu, etc.) [Warren and Kallemeyn, 1984]. The
mafic Mg’ versus plagioclase An method is the most
often used because it can be accomplished easily and
nondestructively with electron microprobe analysis of
coexisting mafic and plagioclase minerals. However, in
the context of spectral reflectance analysis these chemical
distinctions for plagioclase cannot be achieved (at present).
What we can determine with confidence is mafic Mg’ and

Figure 5. Model mineral maps of Finsen central peak inverted from Clementine VIS-NIR reflectance
spectra and overlaid on a Clementine 750 nm reflectance image. Mineral abundance data for (a) olivine,
(b) orthopyroxene, (c) clinopyroxene, and (d) plagioclase are displayed. Color scales are determined for
the maximum abundance of each mineral. (¢) A Clementine 750 nm band image of Finsen central peak is

shown for context.
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Table 3. Model Mineralogy for Lunar Impact Crater Central Peaks

Crater Name Lithology Ol (vol %) Opx (vol %) Cpx (vol %) Pl (vol %) Mafics/P1 Opx/Cpx
Aitken troctolite 33.0 4.5 35 59.0 0.7 1.3
Alder ol-noritic gabbro 15.3 18.2 27.9 38.6 1.6 0.7
Antoniadi ol-norite 16.9 34.9 7.7 40.5 1.5 4.5
Aristillus ol-gabbroic norite 14.5 36.0 29.7 19.8 4.1 1.2
Aristoteles ol-noritic gabbro 13.3 22.5 28.9 352 1.8 0.8
Arzachel anorth troctolite 26.2 7.7 3.8 62.3 0.6 2.0
Atlas anorth gabbro 9.1 11.7 17.3 61.9 0.6 0.7
Bel’kovich garbbroic anorthosite 3.8 4.5 7.6 84.0 0.2 0.6
Berkner anorth norite 7.1 8.9 8.8 75.2 0.3 1.0
Bettinus noritic anorthosite 2.5 14.2 4.2 79.2 0.3 3.4
Bhabha ol-noritic gabbro 21.5 27.0 29.9 21.5 3.7 0.9
Birkeland ol-noritic gabbro 16.4 23.3 40.4 19.9 4.0 0.6
Borman ol-norite 375 10.0 0.0 52.5 0.9 -
Bose ol-gabbroic norite 14.6 26.9 26.4 32.1 2.1 1.0
Boyle ol-gabbroic norite 27.7 24.9 9.3 38.1 1.6 2.7
Bullialdus gabbroic norite 9.9 335 14.0 42.6 1.3 2.4
Burg noritic gabbro 7.6 15.1 41.2 36.2 1.8 0.4
Carpenter noritic anorthosite 33 9.8 5.0 81.9 0.2 2.0
Clavius anorth gabbro 7.1 7.3 11.0 74.5 0.3 0.7
Compton anorth gabbro 17.4 7.8 10.6 64.2 0.6 0.7
Copernicus troctolite 72.2 1.2 4.7 22.0 3.6 0.3
Crommelin ol-noritic gabbro 12.8 18.8 20.0 48.4 1.1 0.9
Crommelin C ol-noritic gabbro 21.7 17.3 11.6 49.4 1.0 1.5
Crookes anorth gabbro 13.1 3.7 21.8 61.4 0.6 0.2
Davisson peridotite (pyroxenite) 35.1 17.4 41.2 6.3 14.8 0.4
Dryden ol-gabbroic norite 6.9 28.9 26.6 37.5 1.7 1.1
Eijkman ol-gabbroic norite 10.8 28.9 11.9 48.5 1.1 2.4
Eijkman D ol-noritic gabbro 133 13.6 39.7 334 2.0 0.3
Finsen gabbroic norite 9.4 32.7 325 25.4 2.9 1.0
Fizeau gabbroic norite 6.2 325 22.7 38.6 1.6 1.4
Grissom M ol-gabbroic norite 24.3 17.9 12.1 45.7 1.2 1.5
Hopmann ol-noritic gabbro 21.2 18.6 20.5 39.7 1.5 0.9
Jackson anorth gabbro 10.5 6.4 18.4 64.7 0.5 0.3
Joliot troc anorthosite 11.1 1.5 4.9 82.5 0.2 0.3
Keeler troc anorthosite 13.4 0.2 0.6 85.9 0.2 0.3
King ol-gabbro 19.6 7.6 39.2 335 2.0 0.2
Langmuir ol-noritic gabbro 17.6 9.5 20.0 52.9 0.9 0.5
Lemaitre S ol-norite 31.0 20.6 5.7 42.7 1.3 3.6
Lowell anorth troctolite 19.9 9.6 8.6 62.0 0.6 1.1
Lyman gabbroic norite 6.4 41.0 10.3 422 1.4 4.0
Maksutov ol-gabbroic norite 11.7 414 31.5 15.4 5.5 1.3
Maunder noritic gabbro 9.4 15.2 50.3 25.1 3.0 0.3
Ohm gabbro 9.4 7.3 44.8 38.5 1.6 0.2
Orlov ol-noritic gabbro 13.1 15.0 31.2 40.6 1.5 0.5
Pythagoras anorth gabbro 8.9 4.6 12.1 74.4 0.3 0.4
Scaliger ol-noritic gabbro 28.6 8.1 232 40.0 1.5 0.4
Stevinus ol-gabbroic norite 19.2 13.7 9.7 57.4 0.7 1.4
Stoney ol-noritic gabbro 38.8 20.6 28.1 12.4 7.0 0.7
Theophilus anorth troctolite 25.3 4.4 10.1 60.1 0.7 0.4
Tsiolkovsky ol-gabbro 19.1 7.2 25.5 48.1 1.1 0.3
Tycho ol-noritic gabbro 15.6 9.0 234 51.9 0.9 0.4
Vavilov anorth gabbro 8.5 5.1 16.1 70.4 0.4 0.3
Von Karman ol-noritic gabbro 22.7 12.3 19.1 459 1.2 0.6
White ol-gabbroic norite 46.3 25.6 17.5 10.6 8.5 1.5
Zucchius noritic gabbro 9.6 13.0 17.9 59.4 0.7 0.7

plagioclase abundance. Cahill and Lucey [2007] reported a
compilation of modal mineralogy and Mg’ for ~100 lunar
FAN and Mg-suite rocks. In Figure 7a, examination of these
data show that taking the mean Mg’ of the mafic minerals
weighted by their relative proportions and the mean plagio-
clase abundance effectively separate the lunar FAN and Mg’
petrologic suites. To a large degree this method also
separates the rock types within the Mg-suite. With this
knowledge we have a method to make direct comparisons
between remotely determined impact crater central peak
composition and the lunar sample collection. Here, model
results show that the selection of lunar central peaks

analyzed are dominantly similar to Mg-suite rocks
(Figure 7b). These Mg-suite-like peaks are plagioclase-poor
(<60 vol %) and vary from ferroan to magnesian varieties
(Mg’ 55-94), or may be plagioclase-rich (>60 vol %) with
an Mg’ of 78—85. A few central peaks also show some
similarity to FAN rocks with greater than 70 vol %
plagioclase and Mg’s of ~70-75. Although the central
peak modeled rock types do not necessarily perfectly
overlap the fields defined by the samples, the basic distinc-
tion between ferroan and magnesian rocks is present, as is
the general correlation of plagioclase with Mg’ in the mafic
peaks. We should also note that this diagram cannot
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assemblages of the lunar sample suites (gray, ferroan anorthosite (FAN); dark gray, Mg-suite) on plutonic

rock classification diagrams [Stoffler et al., 1980].

distinguish alkali from ferroan anorthosites. Here we will
assume ferroan, plagioclase-rich compositions are FAN.

3.3. Composition Relative to Crustal Thickness

[27] Although the correlation is weak, it is apparent that
plagioclase gradually increases as the crust thickens with
peaks often having anorthositic (>60 vol % plagioclase)
mineral assemblages above crustal thicknesses of 60 km
(Figure 8). For crust thinner than 60 km, peaks tend to be
mafic (>~50 vol % mafics). Olivine and orthopyroxene
abundances range from near 0 to ~45 vol % and do vary as
crustal thickness changes. Again, this variation is not highly
correlated but is apparent. In thicker crust (i.e., >50 km),
both olivine and orthopyroxene abundances are low (<15 to
20 vol %) in all peaks analyzed. However, as the crust thins
the maximum observed abundance of these two minerals for
many peaks increases until they each reach their highest
overall abundances (~45 vol %) in crust less than ~30 km
thick. But, although olivine- and orthopyroxene-rich lithologies
are observed exclusively in thin crust, other varieties of
lithologies with less abundant proportions of these two
minerals are observed in thin crust as well. This increase in
orthopyroxene as the crust thins is also reflected in the overall
pyroxene abundance, as the orthopyroxene/clinopyroxene
ratio increases from less than 0.5 in thick crust to greater
than 4 in thin crust. In crust greater than 60 km thick average
clinopyroxene abundance is less than 25 volume percent; but
in crust less than 60 km thick clinopyroxene maximum
abundance increases to ~45 vol % but has an overall range
of 0—45 vol %. Model Mg’ shows a relatively magnesian
Mg’ range of 70—85 in both thick and thin crust; however, as
the crust thins to less than 35 km, more ferroan (Mg’ 58—70)
peaks are also present. Although FeO increases in thin crust
relative to thick, several peaks show more ferroan composi-
tions as FeO increases from thick (~7 wt %) to thin (>18 wt %)
crust.

3.4. Composition Relative to Peak Origin

[28] Here we relate the composition of the central peaks
analyzed to their origin in the crustal column. An estimate
of exhumation depth scaled to the thickness of the crust, R,
(e.g., Ratio = thickness — depth/thickness) shows that most
peaks analyzed originated from nearly all depths possible in
the crustal column, but no compositional trends are
discerned (Figure 9). This may suggest that there are no
compositional trends within the crust and that composition
is only a function of crustal thickness, but this assumes
crustal structure is independent of thickness, and has been
preserved since it was established. When we use the crust-
mantle boundary as our reference point by determining P
(e.g., Proximity = thickness — depth) compositional trends,
although weakly correlated, are shown to be present
(Figure 10). The crust-mantle boundary acts as a good
reference point because it was established at the same time
as crustal formation and is not affected by material stripped
away by impact bombardment. Even in the case of SPA and
its plausible isostatic rebound after basin formation,
stratigraphic compositional relationships should be more
intact near the crust-mantle boundary unless impact melting
occurred deeply enough to destroy these relationships by
creating an impact melt sheet that extends deep below SPA
[Morrison, 1998].

[20] Model mineralogy between 40 and 80 km from the
crust-mantle interface show low abundances of olivine and
orthopyroxene (<15 to 20 vol %); only clinopyroxene
maintains greater than 20 vol % within this proximity to
the mantle boundary. Model peak plagioclase abundance is
on average largely anorthositic (>60 vol % plagioclase)
50 km above the interface. Mineralogy within 40 km of the
crust-mantle boundary and below is diverse, with both
highly mafic and plagioclase-rich lithologies present. Mafic
lithologies (>40 vol % mafics) are largely confined to the
crust within 40 km of the crust-mantle boundary, whereas

9 of 17



E09001 CAHILL ET AL.: THE COMPOSITION OF THE LUNAR CRUST E09001
100 -
a sp-troc-anorthosite anorthosite 8 FAN
L sp-troctolite sp-anor-troctolite troctolitic A anorth norite
90 . @ anorthosite
g;g;gmte X anorth troctolite
peridotite dunite
80 [ ol-gabbroic norite X gabbro
Weighted 5 ® gabbroic norite
Mean 70 = nor anorthosite
Mg' p norite
err@n . .
C gabbie @northost # ol-gabbroic norite
60 F .gabbroic. + ol-gabbronorite
it
— + peridotite (harzburgite)
noritic B pyroxenite (ortho)
50 | anorthosite; sp-anorth-troc
sp-troc-anorthosite| sp-troc-anorth
LunarISulte Rolck SampI)Ies . sp-troctolite
40 X troc anorthosite
0 20 40 60 80 100 % troctolite
100 Mean % Plagioclase
b sp-troctolite  sp-troc-anorthosite anorthosite O troctolite
i sp-anor-troctolite)  troctolitic B troctolitic anorthosite
anorthosite
920 ol-norite B peridotite (pyroxenite)
dunite
pyrogl(enite X ol-noritic gabbro
peridotite
g0t ol-gabbroic norite X ol-norite
Weighted X ol-gabbroic norite
el e
Mgan X ol-gabbro
7
' noritic gabbro
Mg 0 o . bb
O noritic anorthosite
L thosit
60 ANOrOste B gabbroic anorthosite
- gabbroic B gabbroic norite
norite noritic
50 I anorthosite; O gabbro
sp-troc-anorthosite O anorthositic troctolite
Lunar Central Peaks . )
40 . , , , B anorthositic norite
@ anorthositic gabbro
0 20 40 60 80 100

Mean % Plagioclase
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plagioclase-rich (>60 vol %) lithologies are seen throughout
the crustal column.

[30] Peak chemistry 40—80 km away from the crust-
mantle boundary is magnesian (Mg’ 70—80) despite low
FeO (<7 wt %) and anorthositic (>60 vol %) lithologies.
More compositional diversity is observed from peaks that
originate closer to (i.e., within 0 to 40 km) the crust-mantle
boundary; these peaks range in Mg’ from ferroan (~60) to
more magnesian (~93) lithologies.

3.5. Composition of Peaks Laterally

[31] The compositional diversity of peaks in the lateral
perspective is largely consistent with lunar terrane [Jolliff et
al., 2000; Wieczorek and Phillips, 2000]. In Figure 11,
peaks with anorthositic (>60 vol %) modeled mineralogy
are nearly exclusively confined to the FHT terrane. Crater
peaks in this terrane with some of the highest-modeled
plagioclase abundances (>80 vol %), including Bel’kovich,
Carpenter, Joliot, and Keeler are also shown to originate in
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Figure 8. Mean lunar impact crater central peak mineralogy and chemistry versus crustal thickness (77).

the lower crust or mantle. Only Maunder on the northern
end of Orientale and Ohm crater have less than 60 vol %
plagioclase. The outer FHT shows a little more diversity
with a few peaks averaging less than 60 vol % plagioclase,
but the majority of peaks still have anorthositic average
mineralogies. Model peak mineralogy within the PKT and
SPA is all mafic (<60 vol % plagioclase); SPA peaks also
show less plagioclase (<50 vol %) abundances than the PKT
and vary from basin edges (20—50 vol %) to the basin
center (<20 vol % plagioclase).

[32] Mafic minerals also associate with terrane, with
olivine primarily concentrated within SPA (6—46 vol %,
outer to inner basin, respectively). Only Copernicus peak
within the PKT is modeled to have greater olivine abun-
dance (72 vol %) than peaks within SPA. Orthopyroxene is

also concentrated within SPA with range of 12 to 41 vol %,
but is also prevalent on the PKT crater peaks Aristoteles
(22 vol %), Bullialdus (33 vol %), and Aristillus (36 vol %).
Clinopyroxene is the only mineral with abundances that
appear to be independent of terrane. This result may be real,
or may indicate a systematic error in the modeling results.

4. Discussion

[33] Previous studies have reported compelling evidence
to suspect that the crust changes composition with depth.
These observations include (1) the identification of large
impact basin ejecta that are more mafic than the surrounding
highlands [e.g., Reid et al., 1977; Ryder and Wood, 1977;
Spudis and Davis, 1986], (2) central peaks of some complex

11 of 17



E09001

1.00

0.80 |
060 |
040 |
020} o @
0.00 f

-0.40 °
-0.60

-0.80 F [

(Thickness - Depth)/ Thickness
[ J

-1.00

0 10 20 30 40 50 60 70 80 90 100
Mean % Plagioclase

Figure 9. Plagioclase abundances versus the origin of
impact crater central peak materials. The origin of the
central peak materials is represented by ratios calculated on
the basis of the proximity to mantle relative to the local
crustal thickness. Peaks with ratios greater than zero
originated in the crust; peaks with ratios less than zero (in
gray) originated in the mantle (e.g., (77,—D;)/T)).

craters that are inferred to contain mafic lithologies [e.g.,
Tompkins and Pieters, 1999], and (3) the inferred noritic
composition of the SPA basin floor which is suggested to
represent lower crustal materials [e.g., Lucey et al., 1995;
Pieters et al., 1997, 2001; Wieczorek and Zuber, 2001].

[34] All peaks examined here have strong mineral and
major element abundances consistent with rocks of the lunar
sample collection. The majority of the peaks examined
consist of material with mafic and magnesian composition
similar to Mg-suite rocks that are spread among all of the
lunar terranes. We suggest that our direct comparison of
lunar samples and peaks provide evidence that the majority
of these peaks consist of Mg-suite rocks. The few peaks
where FAN compositions are identified are confined within
the FHT (craters Berkner, Joliot, and Keeler). This preva-
lence of mafic and magnesian peaks and the paucity of
peaks with anorthosite and FAN composition may be
explained by our method of crater peak sampling. The
peaks examined are all estimated to originate at least
10 km or more below the lunar surface. The observed
compositional bias might be expected especially if the crust
becomes more mafic with depth. Additional anorthositic
peaks may be apparent if peaks originating in the top 10 km
of the lunar crust are examined in future work.

[35] Despite the commonalities between these peak
analyses and Mg-suite rocks, it is a possible interpretation
that some of these peaks may consist of mafic ferroan rocks
(e.g., mafic FANS) [Wieczorek and Zuber, 2001]. Although
this is a reasonable hypothesis, little evidence is available
for this in the sample collection and several samples that are
suggested to be representative mafic ferroan rocks are far
less mafic than the peaks reported here and still plot within
the FAN field in Figure 7 [Jolliff and Haskin, 1995;
Wieczorek et al., 2006]. However, the presence of mafic
ferroan rocks on the Moon merits further investigation in
the future.
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[36] The mineral and major element results presented here
suggest these peaks are consistent with Mg-suite rocks, but
many of these peaks lack thorium anomalies that would
suggest KREEP signatures. Previous studies of Mg-suite
rocks show significant enrichments (at least 1-2 orders of
magnitude) in KREEP and other incompatible elements
relative to FAN rocks [e.g., Papike et al., 1994; Papike et
al., 1996; Shervais and McGee, 1998a, 1998b; Wieczorek et
al., 2006]. The current hypothesis for lunar Mg-suite
formation suggests high concentrations of incompatible
elements are at least assimilates [Warren, 1986]; whether
high incompatibles are necessary for Mg-suite formation
remains unknown. However, since the rocks of this suite
were collected from every Apollo landing site within the
PKT and this region has a pronounced thorium anomaly, it
has been suggested that Mg-suite rocks may be spatially
confined to this region and incompatible elements are a
genetic signature of this suite [Jolliff et al., 2000; Korotev,
2000; Korotev and Gillis, 2001; Wieczorek and Phillips,
2000].

[37] However, it should be pointed out that although
“magnesian” and ‘“Mg-suite”” might be equivalent,
magnesian rocks that do not contain KREEP might
also exist, and may or may not be genetically related to
the Mg-suite rocks. An increasing body of evidence
suggests that, at the very least, magnesian compositions
on the Moon are not limited to the PKT. Recent studies of
KREEP-poor, feldspathic and magnesian lunar meteorites
inferred to originate in the farside FHT suggest the presence
of a magnesian component that influenced their formation
[Korotev et al., 2003; Warren et al., 2005]; however, the
characterization of this magnesian component is under
question. Korotev [2005] suggests that the magnesian compo-
nent of these meteorites is not from a Mg-suite source. Since
these meteorites do not contain mafic magnesian and KREEP
bearing lithologies typical of Mg-suite rocks, Korotev [2005]
suggests these feldspathic meteorites are derived from
magnesian, rather than ferroan, anorthosites. Warren [2005]
and Warren et al. [2005] support an attempt to extend the
presence of the Mg-suite globally by suggesting that the
magnesian component in these meteorites is derived from a
KREEP-poor or free variety of Mg-suite (a characteristic that
isnot observed in the Apollo and Luna samples). The difficulty
with either argument is the genesis of magnesian anorthositic
rocks. Both Warren [2005] and Hess [1994] (the former
addressing magnesian feldspathic meteorites and the latter
addressing magnesian troctolites), point out that source mag-
mas for magnesian feldspathic material would have to be
extremely magnesian themselves, with Mg’ approaching that
of the terrestrial mantle (Mg’ ~ 93).

[38] The central peaks analyzed here not only suggest
a magnesian component in both KREEP-rich and
KREEP-poor areas but may have sampled the source
component suggested to be influencing the chemistry of
lunar meteorites. Stoichiometrically estimating oxide abun-
dance from mineralogy, these peaks have a similar Al,O5
range (2—31 wt %) to the meteorite collection, but are also
more magnesian. Greater compositional similarities are
actually found between peaks and Mg-suite rocks of the
lunar sample collection; however, a large sample of peaks are
not located in areas of significant or even mild KREEP
influence. In this context, positive identification of mafic
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Figure 10. Mean lunar impact crater central peak mineralogy and chemistry versus peak origin relative
to the crust mantle boundary (e.g., 71 —D;). Proximity to mantle less than zero denotes materials plausibly

derived from the lunar mantle (in gray).

and magnesian rocks here supports the hypothesis that high
incompatible element abundances may not be a necessary
genetic characteristic of Mg-suite rocks and this suite may not
be confined to the PKT. Whether incompatible elements help
or speed Mg-suite rock formation is still a subject for debate,
but the probable identification of Mg-suite rocks within
the FHT and SPA suggests high incompatible element abun-
dances are not absolutely necessary for their production.
[39] Central peak compositions also roughly follow
terrane boundaries. Peaks modeled with magnesian and
ferroan anorthositic compositions are primarily confined
to the FHT; while peaks with mafic model mineralogies
are generally confined to the PKT and SPA with a few
exceptions. This translates vertically within each terrane as a
function of crustal thickness. As the crust thickens it
becomes more anorthositic and magnesian, and as it thins
it becomes more mafic and ferroan. The thinnest lunar crust

(<30 km), central SPA, shows the most mafic mineralogy
(>50 vol % outer SPA, >80 vol % inner SPA); while thicker
crust (>30 km; not necessarily the thickest), in the FHT, is
more plagioclase-rich (>60 vol % plagioclase). This
compositional relationship is also found relative to the
crust-mantle boundary. Mafic lithologies, both magnesian
and more ferroan, are confined to within 50 km of the
crust mantle boundary in SPA and the PKT. Anorthositic
lithologies are largely confined within the FHT, however,
they exist at all levels of the crustal column and with a
significant magnesian sampling.

[40] These results suggest the FHT, SPA, and the PKT
may not only be distinct from each other on the surface but
subsurface as well. Model compositional results for SPA
and PKT central peaks are consistent with a crust gradually
increasing in mafic mineralogy with depth. This is consistent
with previous interpretations of PKT impact melts and
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Figure 11.
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The location of crater peaks examined and their mean (a) olivine, (b) orthopyroxene,

(c) clinopyroxene, and (d) plagioclase abundances plotted on Clementine 750 nm simple cylindrical
images of the lunar surface. Dashed lines denote approximate lunar terrane boundaries interpreted from
thorium maps [Jolliff et al., 2000; Lawrence et al., 2002].

basins noted early in this discussion. Not consistent with
this hypothesis are peaks that show mafic mineralogies and
more ferroan chemistries at significant depth in the
crust. However, this is consistent with a scenario suggested
by Warren et al. [2005] for the petrogenesis of lunar
meteorites. In this scenario mafic and magnesian minerals
crystallize first and begin to settle, but during the process of
settling some of these mafic and magnesian crystals are
entrained with subsequently crystallizing and more buoyant
plagioclase minerals. These assemblages are transported
upward in the magma ocean to become part of the crust
in a higher stratigraphic location. Crystallization proceeds
until less buoyant ferroan and more mafic lithologies
crystallize and settle low in the crustal column with some
of the initial early crystallizing and more magnesian mafic

minerals. This scenario may be applicable for PKT and SPA
crustal formation, but may not be sufficient for the FHT.
[41] Peaks within the FHT suggest that at least portions of
this terrane (near the craters Bel’kovich, Carpenter, Joliot,
Keeler, and others) can either (1) consist entirely of
anorthositic rocks throughout the crustal column or (2) have
a plagioclase-rich lower crustal layer with stalled plutons
within 40 km of the crust-mantle boundary. The identifica-
tion of anorthosite transported to the surface via impact
basin inner rings and peaks of Orientale, Grimaldi,
Humorum, Nectaris, and Apollo corroborate this interpre-
tation [Hawke et al., 2003; Spudis et al., 1984]. However,
the result here suggests both scenarios must have ferroan
and magnesian anorthositic rocks at significant depth. This
is inconsistent with previous hypotheses that the FHT has a
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generally increasing mafic composition with depth; but it is
consistent with separate magnesian and ferroan magmas
somewhat simultaneously constructing an anorthositic FHT,
at least in the areas sampled. This is also consistent with
FAN and Mg-suite radiometric ages which suggest
that these suites crystallized simultaneously through a
significant portion of lunar geologic history [Borg et al.,
1999; Wieczorek et al., 2006], although caution is sug-
gested for ages of plagioclase-rich samples owing to
impact metamorphism modification [Norman et al., 2003].

5. Conclusions

[42] Here we provide several new insights into the
relationship between lunar crustal composition and structure
in both vertical and lateral perspectives.

[43] 1. We show that lunar composition varies with
crustal thickness. As the crust thickens it becomes more
plagioclase-rich, and as the crust thins it becomes more
mafic.

[44] 2. Our method of using the crust-mantle boundary as
a reference point has allowed us to pinpoint crater peaks that
have sampled the lower crust and plausibly the mantle.
Approximately half the peaks analyzed here plausibly
represent mantle material.

[45] 3. No systematic compositional variability with
respect to the depth of origin normalized to local crustal
thickness is found; however, significant compositional
relationships are shown relative to the crust-mantle
boundary. This suggests that the majority of compositional
variations in the crust were in place before major surface
modifications took place.

[46] 4. Mafic lithologies (>40 vol % mafics) are confined
to thin crust that is within 50 km of the lunar crust-mantle
boundary and within the SPA and PKT terranes with a few
exceptions; the most mafic lithologies (>80 vol % mafics)
are confined within 30 km of the crust-mantle boundary
within SPA. These results are consistent with a gradually
increasing mafic/plagioclase ratio traveling down into the
crust.

[47] 5. Anorthositic (>60 vol % plagioclase) rocks are
found throughout the crustal column, but are dominantly
confined within the FHT and outer FHT; however, some
peaks with greater than 70 vol % plagioclase do exist in
crust that is 30—50 km thick and relatively near the crust-
mantle boundary. These results are inconsistent with a
generally increasing mafic composition with depth, and
instead support a dominantly anorthositic crustal column
with a distinct layer or intrusions of more plagioclase-rich
magnesian and ferroan anorthositic rocks at significant
depth in the crust.

[48] 6. The majority of peaks analyzed have compositions
similar to Mg-suite rocks of the lunar sample collection and
they are found to be independent of lunar terrane. This
suggests that Mg-suite rocks may not be confined to the
PKT and may not be dependent on incompatible element
concentrations for formation. These results also suggest
Mg-suite rocks may be a global phenomenon and may
have wide ranging incompatible element and mineral
abundances; but the main factors that determine Mg-suite
rock formation are major element chemistry and geophysical
dynamics. Incompatible element enrichment may be an
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added attribute of Mg-suite rocks within PKT and perhaps
to a lesser extent SPA.

6. Future Work

[49] Future work will entail a continuation of analysis
of lunar impact crater central peaks especially within the
FHT and PKT. Integration of new data from Chang’e,
Chandrayaan-1, Kaguya, Lunar Reconnaissance Orbiter,
and Gravity Recovery And Interior Laboratory (GRAIL)
will be essential. These data will be beneficial for more
rigorously calibrated reflectance data relative to surface
slopes and determining subsurface crustal structure
to correlate with compositional interpretations. Further
research and development of quantitative analysis models,
mineral optical constants, and supporting validation data
sets are essential.

[s0] The results shown here appear to confirm that SPA is
a window into the lunar lower crust. However, it is possible
that the floor of SPA basin may represent an impact melt
sheet that may have partially differentiated and represent
something very different from a cross section of the original
crust [Morrison, 1998]. Further analysis of impact crater
walls in addition to central peaks will help resolve this issue.
Additional cataloging and assessments of lunar samples for
mafic ferroan rocks is also necessary.
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