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a b s t r a c t

Ancient lunar volcanic deposits, known as cryptomaria, have been detected by remote telescopic and
orbital measurements since the 1970s. Cryptomaria are most easily identified by the presence of dark-
halo impact craters and are associated with a mare basalt mineralogy, which is indicated by two
pyroxene spectral absorption features near 1 μm and 2 μm in the visible to near-infrared (VNIR)
wavelengths. However, there are many early igneous lithologies that have been identified in the Apollo
sample collection that have a similar VNIR spectral signal, implying a pyroxene-dominant mineralogy.
In this study we use high resolution Moon Mineralogy Mapper (M3) VNIR spectral data and the Modified
Gaussian Model (MGM) to determine cryptomare mineralogy as well as Lunar Prospector gamma-ray
spectrometer (LP GRS) FeO and Th compositional measurements to evaluate which ancient igneous rocks
(e.g., low-Ti mare basalt, high-Ti mare basalt, Mg-suite rocks, dunite, high-Al mare basalt, KREEP basalt)
are consistent with our mineralogical observations. In addition, spectra from different M3 optical periods
were compared to determine how the MGM-derived absorption band centers vary between datasets.
Band center differences between optical periods are on the order of �674 nm and �25710 nm for the
1 μm and 2 μm features, respectively. Cryptomare mineralogies are dominated by clinopyroxene and are
consistent with measurements from locally exposed mare basalts. LP GRS measurements support a mare
basalt rock type when regolith mixing is taken into account.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction and background

Ancient lunar volcanic deposits, known as cryptomaria
(Head and Wilson, 1992), have been identified beneath basin
ejecta deposits (e.g., Schultz and Spudis, 1979, 1983; Hawke and
Spudis, 1980; Hawke and Bell, 1981; Bell and Hawke, 1984; Hawke
et al., 1993, 2002, 2005, 2013; Head et al., 1993; Antonenko et al.,
1995; Blewett et al., 1995; Mustard and Head, 1996; Antonenko,
1999; Giguere et al., 2003; Campbell and Hawke, 2005; Lawrence
et al., 2008). The name assigned to these ancient volcanic deposits,
cryptomaria, implies that these ancient volcanic deposits are mare
basalts. However, mare basalts are not the only ancient igneous
lithology that was produced on the Moon during its earliest
geologic history. Samples returned from the Apollo missions
indicate that a diverse suite of ancient rock types, including
ferroan anorthosites, KREEP basalts, high-Al mare basalts, and
Mg-suite rocks such as troctolites, dunites, norites, and gabbros
(e.g., Warren and Wasson, 1977) formed during the final stages of
the lunar magma ocean crystallization and shortly thereafter. The

primary lunar crust is dominated by ferroan anorthosites (Smith et
al., 1970; Wood et al., 1970), while extrusive KREEP basalts and
intrusive Mg-suite rocks are derived from melts of the lunar
mantle (Warren and Wasson, 1977). The few dated samples of
Mg-suite rocks and KREEP basalts indicate ancient ages 43.8 Ga,
immediately after the Imbrium formation event (Nyquist et al.,
1975; Papanastassiou and Wasserburg, 1976; Ryder and Spudis,
1980; Nyquist and Shih, 1992; Stöffler et al., 2006). There is no
indication that these lithologies continued to be produced after
3.8 Ga. The paucity of Mg-suite and KREEP basalt rocks in the
sample collection could be due to a preservation effect, since much
of the lunar nearside has been resurfaced by mare basalts over the
last 3.8 Ga (Hiesinger et al., 2011), or it could be due to a cessation
of their formation process. Whatever the cause of the paucity of
the Mg-suite and KREEP basalts, mare basalts became the domi-
nant igneous rock type for the remainder of the Moon's volcanic
history.

Deconvolving the composition of ancient volcanic materials has
important implications for the thermal history of the Moon.
Analyses of mare basalt ages and their distribution provide
information about mantle dynamics, including the timing of
magma ocean overturn and the formation of mare basalt source
regions in the mantle. Cryptomaria composition is also important
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for determining the composition of magmas melting within and
being erupted from the mantle. For instance, Mg-rich mantle melts
may have been produced early in lunar history, intruding into the
anorthositic crust, and it is only after mantle overturn (e.g., Hess
and Parmentier, 1995) that the mare basalt source regions were
established and able to melt. The frequency distribution of mare
basalt crater retention ages (Hiesinger et al., 2011) shows a peak in
the flux of volcanic activity around �3.6 Ga. Returned samples tell
the story of a much more compositionally and temporally diverse
volcanic history compared to the mare basalt deposits. During the
first �500 My, the Moon was simultaneously producing mare
basalts, KREEP basalts, and Mg-suite rocks (Ryder and Spudis,
1980; Taylor et al., 1983; Nyquist and Shih, 1992; Stöffler et al.,
2006; Terada et al., 2007). Soon afterwards, around 3.8 Ga, there
was either a substantial increase in the eruption of mare basalts or
a decrease in the production of parental melts for KREEP basalts
and Mg-suite rocks, or both processes occurred simultaneously.

Cryptomaria were first identified by the presence of dark-halo
impact craters (DHCs) (Schultz and Spudis, 1979, 1983), which are
small impact craters, o10 km in diameter, that excavate low
albedo material from beneath higher-albedo surface material;
these are not to be confused with other dark-halo craters inter-
preted as volcanic vents (e.g., Shoemaker, 1962; Head and Wilson,
1979). Initially, the DHC compositions were reported as basaltic,
with some deposits being enriched in magnesium and KREEP
(Schultz and Spudis, 1979). Geochemical analyses of cryptomaria
utilized measurements of elemental ratios, such as Mg/Al and
Mg/Si, and elemental abundances (thorium and iron) from
gamma-ray and x-ray spectrometer data (Hawke and Spudis,
1980; Maxwell and Andre, 1981; Lawrence et al., 2008). Measure-
ments of elemental abundances over regions of the lunar surface
with a high concentration of DHCs were compared with mare
basalts and KREEP-rich basalts in order to ascertain the composi-
tion of the buried volcanic material. These geochemical surface
measurements of DHCs resulted in a variety of interpretations,
including the presence of Mg-rich basalts, mare basalts, and
KREEP-rich basalts (e.g., Schultz and Spudis, 1979; Hawke and
Spudis, 1980; Lawrence et al., 2008).

Further geochemical and visible to near-infrared (VNIR) spec-
tral analyses suggested that the compositions of DHCs were
consistent with mare basalt material (Maxwell and Andre, 1981;
Hawke and Spudis, 1980; Hawke and Bell, 1981; Bell and Hawke,
1984; Blewett et al., 1995; Giguere et al., 2003; Hawke et al., 2005;
Lawrence et al., 2008). DHC VNIR spectral measurements are
dominated by two pyroxene absorption features centered near
1 μm and 2 μm. At VNIR wavelengths, the center wavelength of
the different absorption bands provides information about the
composition of the pyroxene; longer wavelength 1 μm and 2 μm
absorption features are associated with Fe- and Ca-rich pyroxenes
(Adams, 1974; Cloutis and Gaffey, 1991) and are consistent with
mare basalts. As a result of the systematic change in band center
with mineral composition, many spectral studies of DHCs have
focused on measuring the position of the pyroxene absorption
band centers and comparing those values to the composition of
known lunar samples (e.g., Bell and Hawke, 1984) or exposed mare
basalt deposits from the same image scene (Blewett et al., 1995;
Giguere et al., 2003; Hawke et al., 2005).

The mineralogy and composition of identified ancient volcanic
deposits is important for understanding the early volcanic history
of the Moon and the petrologic relationship between the different
ancient igneous lithologies. Therefore, we have undertaken a study
of the mineralogy of DHCs identified in Whitten and Head (2015)
using Moon Mineralogy Mapper (M3) VNIR spectral data, as well
as an analysis of LP GRS elemental data. The purpose of this
investigation is to: (1) determine the mineralogy of mapped
cryptomaria to ascertain if some or all of the deposits are mare

basalts, (2) investigate the mineralogical variations both within a
cryptomare region and also between cryptomare regions, (3) mea-
sure the compositional characteristics (Th and FeO) of all identified
cryptomaria to further characterize and constrain their composi-
tions, and (4) understand how calculated cryptomaria mineralo-
gies compare with ancient volcanic lithologies from the Apollo
sample collection. Despite the fact that the Mg-suite is interpreted
as intrusive, the Mg-suite lithologies (e.g., troctolite, norite) are
included in this analysis in order to make the fewest number of
assumptions about the mineralogy and composition of crypto-
maria; at some time during early lunar history conditions may
have been such that the eruption of Mg-suite parental magmas
was possible (Prissel et al., 2013).

2. Methods

2.1. Collection of VNIR spectra

All of the VNIR spectra used in this study were collected from
the Moon Mineralogy Mapper (M3) dataset (Boardman et al., 2011;
Clark et al., 2011; Green et al., 2011; Besse et al., 2013). M3 was a
VNIR imaging spectrometer aboard the Chandrayaan-1 spacecraft
that collected mineralogic information about the Moon's surface in
85 bands, from approximately 0.4–3.0 μm, at a spatial resolution
of 140–280 m/pixel, depending on the spacecraft altitude (Pieters
et al., 2009; Green et al., 2011). All spectra examined in this study
were collected from M3 mosaics composed of individual data
strips (Table S3) and have a spatial resolution of 140 m/pixel.
A total of 1020 reflectance spectra (3�3 pixel averages) were
collected from individual DHCs located within 20 mapped crypto-
mare locations and any associated exposed mare basalt deposits
(Figs. 1a and S1; Tables S1 and S2) (Whitten and Head, 2015). Each
region of mapped cryptomare contains between 1 and 40 indivi-
dual volcanic ponds (Fig. S1) and between one and three DHCs
were sampled from each volcanic pond (Table S4).
All DHC spectra within an individual volcanic pond were investi-
gated and only those with the strongest absorptions were sampled
for analysis. These individual DHC spectra were then averaged
together to produce a single diagnostic spectrum for each volcanic
pond within a given cryptomare region. The 1020 individual
cryptomare and mare spectra were thus reduced to a total of 414
diagnostic spectra; each cryptomare region has multiple spectral
measurements, one for each individual volcanic pond (Tables S1,
S2 and S4).

A ground truth correction derived from laboratory spectra of
feldspathic lunar soils was applied to the sampled M3 spectra. This
correction improves the accuracy of the position of the M3 1 mm
absorption feature and is especially relevant for spectral analyses
involving highland soils (Isaacson et al., 2013). The spectral data
used in this study were collected from multiple M3 optical periods,
including 1b, 2c1, and 2c2. The shape of spectra collected during
different M3 optical periods varies depending on the detector
temperature; spectra collected during “hot” optical periods where
temperatures exceeded �160 K (2c1 and May 20–July 9, 2009 of
2c2) required a different ground truth correction (Isaacson et al.,
2013) compared with spectral data from “cold” optical periods
(1b and July 12–August 16, 2009 of 2c2) (Green et al., 2011). In order
to quantify the spectral differences between optical periods, we
compared the Modified Gaussian Model (MGM)-derived 1 μm and
2 μm absorption band centers from the same sample location in two
different optical periods. Australe, Dewar, Langemak, Lomonosov–
Fleming and Van de Graaff spectra were used for the optical period
2c2–2c1 comparisons while spectra from Cleomedes, Frigoris,
Mendel–Rydberg, Schiller–Schickard, Taruntius, West Humorum, and
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West Procellarum were used for the optical period 1b–2c1
comparisons.

2.2. Continuum removal

The spectral slope (continuum) was removed prior to calculat-
ing the absorption band centers. Lunar spectra have a character-
istic red-sloped continuum that is, in part, a product of space
weathering processes (e.g., Pieters et al., 1993). In order to
accurately model the wavelength position of mineral absorption
bands the spectral continuum must be removed (e.g., Sunshine et
al., 1990; Hiroi et al., 2000). There is, however, no uniquely defined
analytical expression for the lunar continuum (Hiroi et al., 2000;
Noble et al., 2006). For this study we chose to remove the
continuum before processing the spectra with the MGM to ensure
there would be no egregious continuum misfits, such as a fitted
continuum intersecting an input spectrum, and to ensure the
continuum removal process was consistent for all spectra. Initial
MGM analyses of the M3 spectra collected in this study which used
the built-in MGM continuum removal process were unsuccessful;
many spectra were modeled with a continuum that intersected the
spectrum, resulting in large RMS errors. It was found that the best
way to avoid this problem was to remove the continuum prior to

MGM analysis, a result consistent with previous researchers
(Isaacson et al., 2011a).

The M3 spectra were fit with a two-part linear continuum in
wavelength space; one part of the continuum was fit over the
1 μm absorption band and the second part was fit over the 2 μm
absorption band. Three tie points were selected for continuum
removal (Fig. 2). Once selected, the reflectance values for the
wavelength immediately long and short of the tie point, in
addition to the reflectance of the selected tie point, were averaged
together to determine the tie point reflectance value. For example,
if tie point 1 was located at 750 nm the reflectance values of the
spectrum at 730, 750, and 790 nm were all averaged to produce
the reflectance value for tie point 1. Tie point 1 (Fig. 2) was fixed at
0.75 μm, while tie points 2 and 3 were allowed to vary. Continuum
tie points 2 and 3 were selected fromwithin a defined wavelength
range using the convex hull method. For each spectrum, tie points
were chosen as follows: tie point 2 was confined to wavelengths
between 1.329 μm and 1.778 μm and tie point 3 was assigned to
be longer than 2.776 μm. The convex hull method was used to
automatically choose the maximum reflectance values on each
side of both the 1 mm and 2 mm absorption features. A straight line
was then fit between the reflectance values of tie points 1 and
2 and between tie points 2 and 3. In order to produce a single,

Fig. 1. Mapped cryptomaria and dark-halo impact craters (DHCs). (a) Global color composite of OP2c1 M3 data (R: 1 μm integrated band depth, G: 2 μm integrated band
depth, B: 1489 nm reflectance). Pyroxene-rich deposits appear yellow and orange, while anorthosite-rich material is blue. The locations of cryptomaria are indicated by white
polygons. Dashed white box denotes the location of (b). Lunar Orbiter Laser Altimeter 128 pixel/1 hillshade map overlain by M3 data at 10 km/pixel. (b) High-resolution M3

(140 m/pixel) mosaic of the Balmer cryptomare (white polygons). Individual DHCs sampled to determine the deposit mineralogy can easily be identified in this dataset.
Dashed white box shows the location of parts (c) and (d). (c) A 4.5 km diameter DHC in M3 1489 nm reflectance image. Low albedo material is excavated from below a high
albedo surface material. (d) M3 color composite (R: 1 μm integrated band depth, G: 2 μm integrated band depth, B: 1489 nm reflectance) of the same DHC in part (c) showing
that the crater walls and ejecta deposit are composed of pyroxene-rich materials. Red dot in (c) and (d) denotes the sample location in this particular DHC. (For interpretation
of the references to color in this and all subsequent figures, the reader is referred to the web version of this article.)
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continuum-removed reflectance spectrum, the reflectance values
across shorter wavelengths of each spectrum were divided by the
linear fit over the 1 μm absorption and the reflectance values
across longer wavelengths were divided by the 2 μm linear fit. This
continuum-removed spectrum was then input into the MGM in
order to calculate the 1 μm and 2 μm absorption band centers.

2.3. Mineralogical analysis

The mineralogy of the cryptomaria was determined using the
MGM, an inverse model that deconvolves an individual spectrum
into a continuum and a series of modified Gaussian curves approx-
imating electronic absorption features observed within minerals
(Sunshine et al., 1990; Sunshine and Pieters, 1993). In total 414
spectra (Tables S1 and S2) were processed to determine the miner-
alogy of the mapped cryptomaria (Fig. 1a). All collected spectra are
dominated by a pyroxene absorption signature with strong 1 μm and
2 μm features. Orthopyroxenes (low-Ca pyroxene), associated with
noritic lunar rocks, have short wavelength 1 μm and 2 μm absorption
features near 0.9 μm and 1.9 μm (Adams, 1974; Cloutis and Gaffey,
1991; Klima et al., 2007); clinopyroxenes (high-Ca pyroxene) have
1 μm and 2 μm absorptions features at wavelengths longer than
0.95 μm and 2.05 μm (Adams, 1974; Cloutis and Gaffey, 1991; Klima
et al., 2011), which dominate the spectral signature of mare basalts.
In order to determine the dominant pyroxene signature in the
cryptomaria, the M3 spectra (0.541–2.976 μm) were modeled assum-
ing that only a single pyroxene composition is present. The presence
of two pyroxenes of distinct compositions would produce wider
absorption features. Therefore, even if the M3 instrument measured
compositionally zoned or two distinct pyroxene minerals on the lunar
surface, MGM can still be used to determine the average pyroxene
composition (Sunshine and Pieters, 1993) and aid in detecting miner-
alogic variations within or between cryptomare deposits.

Continuum-removed spectra were processed using the MGM
with four absorption features. Three modified Gaussian bands
were used to approximate the pyroxene crystal field bands at
1 μm, 1.2 μm, and 2 μm. The fourth band (0.35 μm) was used to
describe the metal–oxygen charge transfer absorption in the
visible part of the spectrum (Fig. 3, blue Gaussians). Gaussian
band centers can be assigned to wavelengths outside of the
spectrum wavelengths so that partial absorption features, such
as the one at 0.35 μm, can still be modeled. Since the spectral
continuum is removed prior to MGM processing the slope para-
meter in the model is held constant to ensure a flat continuum for

each spectrum (Fig. 3, red horizontal line). The same MGM
initialization parameters (Figs. 3a and S2) were used for all
processed spectra in order to maintain consistency between model
results and to automate the band center calculations. Since the
MGM is sensitive to the model initialization parameters (Kanner
et al., 2007; Clenet et al., 2011) the initialization parameters used
in this study were optimized to model lunar pyroxenes associated
with mare basalts, having sufficient Fe2þ in the mineral structure
to produce 1 μm and 2 μm pyroxene absorption features of
comparable strength. This type of modeling is sufficient to:
(1) search for variations in pyroxene composition within a parti-
cular cryptomare region, and (2) to identify differences in pyrox-
ene composition between all of the mapped cryptomaria (Fig. 1a).
The calculated 1 μm and 2 μm band centers were compared with
absorption band positions for a suite of low- and high-Ca synthetic
pyroxenes (Klima et al., 2007, 2011) to characterize the mineralogy
of the cryptomaria.

2.4. Compositional analysis

In addition to mineralogical analyses, the mapped cryptomaria
were analyzed using Lunar Prospector gamma-ray spectrometer
(LP GRS) Th (ppm) and FeO (wt%) data (Lawrence et al., 1998;
Prettyman et al., 2006; Prettyman, 2012). Both of these composi-
tional datasets have an LP GRS resolution at 21/pixel (�60 km/
pixel at the equator). The FeO and Th values were employed to
estimate better the lithology of the mapped cryptomaria. LP GRS
pixels contained within the cryptomaria boundaries were used to
calculate an average value for the entire deposit; LP GRS pixels are
too large to measure the composition of individual DHCs. While
VNIR data provide information about the spectrally dominant
mineralogy, LP GRS Th measurements can provide information
about the abundance of incompatible elements in the rock and
will help to distinguish between lithologies with a high abundance
of incompatible elements, such as the Mg-suite (o5 ppm)
(Wieczorek et al., 2006) and KREEP basalts (5–15 ppm; Apollo 15
extrusive KREEP basalts have 10–11 ppm) (Lucey et al., 2006;
Wieczorek et al., 2006), and those rock types with a lower concen-
tration of incompatible elements (i.e., mare basalts, o1 ppm on
average) (Korotev, 1998). FeO measurements can also provide more
precise estimates of the iron content than the VNIR spectral data and
will be useful for distinguishing between iron- and magnesium-
rich rocks.

Fig. 2. Automated continuum removal process for M3 spectra. (a) Original OP2c1 M3 spectra collected from DHCs in the Balmer cryptomaria. Numbers indicate the three tie
points used to remove the continuum over the 1 μm and 2 μm absorption features. Tie point 1 is fixed at 0.75 µm while tie points 2 and 3 are allowed to vary. Gray region
highlights the wavelength range used to calculate the position of tie point 2. (b) Continuum removed spectra from the Balmer cryptomaria.
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3. Results: Modified Gaussian Model mineralogies

3.1. Comparison with synthetic pyroxenes

In order to test whether our model produces accurate results, the
synthetic pyroxene spectra of Klima et al. (2007, 2011) were
processed using the same continuum removal process and MGM
input parameters used for the M3 spectra. Orthopyroxene spectra are
accurately modeled using the methods outlined above (Section 2)
(Fig. 4, red squares). The modeled synthetic clinopyroxene data plot
to the left of the synthetic pyroxene trend; most of the 1 μm values
agree well with the Klima et al. (2007, 2011) measurements, while
the 2 μm absorption features are modeled at shorter wavelengths
(Fig. 4, blue squares). Of the clinopyroxenes, the augite spectra (Fig. 4,
bottom right blue squares) were modeled the most accurately
followed by the diopsides and hedenbergite spectra (Fig. 4, top right
blue squares). The modeled diopside and hedenbergite clinopyrox-
ene spectra had both short 1 and 2 mm absorption features while the
augite spectra were modeled with only a short 2 mm absorption
feature.

The discrepancy between the modeled band center values from
this study and those of Klima et al. (2007, 2011) can be explained
by differences in the assigned continuum. Variation in absorption
band center due to the continuum removal process has been
previously noted (Clenet et al., 2011). Klima et al.'s (2007, 2011)
laboratory spectra of the synthetic pyroxenes were measured from
0.45 to 2.6 μm; in many cases, the entire 2 μm absorption band
was not measured which, in our continuum removal process and
MGM modeling, shifts the band center of the 2 μm absorption
features to shorter wavelengths (Fig. 4).

This comparison between Klima et al. (2007, 2011) band center
values and those values derived from our automated MGM indicates
that the model developed in this study can be used to differentiate
between different pyroxene types and compositions. There are limita-
tions to our model; the automatedMGM calculates a short wavelength
2 μm absorption feature (Fig. 4). While the model is not be able to
calculate the actual 1 mm and 2 μm band centers, the calculated 1 mm
and 2 mm band centers can be compared relative to one another in
order to distinguish between different pyroxene mineralogies.

3.2. Optical period comparison

Data from the three different M3 optical periods (1b, 2c1, and
2c2) analyzed in this study do produce different average band

center positions for the 1 μm, 1.2 μm, and 2 μm absorption
features respectively (Fig. 5, Table 1). Optical period 2c1 was used
initially to analyze spectra collected from DHCs in cryptomaria and
fresh craters within exposed maria from the same study region (i.
e., sampling spectra in Schiller–Schickard cryptomaria and Schil-
ler–Schickard exposed maria). In order to estimate the uncertainty
in the calculated band centers from optical period 2c1, it was
necessary to determine the variability in the band center calcula-
tions due to spacecraft temperature variations and M3 instrument
uncertainties. This task was accomplished by comparing modeled
band centers for spectra collected from the same location in two
different M3 optical periods. Optical periods 2c1 and 1b had 15
overlapping spectra locations, while optical periods 2c1 and 2c2
shared 89 spectra locations.

The 1.2 μm absorption feature has the least amount of variation
between optical periods, approximately 2 nm (Fig. 5c and d;
Table 1). The mean difference between the 1.2 μm absorption

Fig. 3. An example of the Modified Gaussian Model (MGM) fitting routine. (a) The initial conditions of the model: the orange ‘þ ’ outline the input spectrum, the red
horizontal line is the continuum, the four blue Gaussians show the starting position and shape of the modeled pyroxene absorption features (see Section 2.3.), the modeled
spectrum in black, and the residual in pink. The four blue Gaussians and the black model spectrum represent the initial conditions chosen for the automated MGM developed
in this study to process 100s of spectra at a time. The Gaussian centered at 0.35 mm is only partially visible; its long wavelength end can be seen to the far left of both graphs.
(b) The results produced by the MGM fitting routine. The residual (pink line) shows that the MGM has iteratively positioned and sized the Gaussians to best fit the input
spectrum (orange ‘þ ’). The ordinate is scaled differently in part (b) in order to show the position of the fitted Gaussians and residual values.

Fig. 4. Comparison of the model results from this study to the Klima et al. (2007,
2011) synthetic pyroxene suite on a plot of the position of the 1 μm and 2 μm
absorption features (McCord and Adams, 1973). Red squares are the modeled
orthopyroxene results from this study, which agree well with the band center
values from Klima et al. (2007). Blue squares represent the clinopyroxene modeled
values from this study. The gray dots denote unpublished pigeonitie-rich pyroxene
spectra that were not modeled in this study.
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band center in the 1b–2c1 and 2c2–2c1 optical period compar-
isons was almost identical at 1.9 nm and 1.8 nm, respectively. In
comparison, the 1 μm absorption mean difference is slightly larger
(5.874.0 nm; Table 1). Optical periods 1b and 2c1 showed a larger
discrepancy in the calculated 1 mm band center values (8.1 nm),
compared to 2c2 and 2c1 (3.5 nm). The 2 μm absorption band had,

by far, the most variable calculated band center values with a
mean difference of 25.479.8 nm for all optical periods. The mean
difference for the 2c2–2c1 comparison is slightly larger than for
the 1b–2c1 comparison (Table 1). The measured variability in the
1 mm and 2 mm band centers are within the observed uncertainty
of the MGM (Kanner et al., 2007) and the mean differences

Fig. 5. Comparison of calculated band centers (1 μm, 1.2 μm, and 2 μm) from three different M3 optical periods, 1b, 2c1, and 2c2. Spectra collected from the same location in
two datasets were processed using the MGM to compare calculated absorption band centers. The observed variation in band centers between M3 optical periods can be used
to estimate the error of these measurements. Data collected during optical period 2c1 have the largest areal extent and cover at least a portion of all mapped cryptomaria.
Thus, these data are considered as the baseline fromwhich 1b and 2c2 values will be compared. (a) Calculated 1 μm band centers in OP2c1 versus OP2c2; (b) calculated 1 μm
band centers in OP2c1 versus OP1b; (c) calculated 1.2 μm band centers in OP2c1 versus OP2c2; (d) calculated 1.2 μm band centers in OP2c1 versus OP1b; (e) calculated 2 μm
band centers in OP2c1 versus OP2c2; and (f) calculated 2 μm band centers in OP2c1 versus OP1b. Legend for each column is shown superposed on the 1.2 μm graphs.
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(Table 1) are significantly smaller than the actual range of
calculated band center values (�70 nm and �250 nm), support-
ing the interpretation that the observed band center variations
represent real mineralogic variations.

There are more spectra with the same M3 spectral coverage in
optical periods 1b and 2c1 compared with optical periods 2c2 and
2c1 (15 versus 89; Fig. 5, cf. left column with right column). The
mean difference in calculated band centers observed between 2c2
and 2c1 appears random as there are no clear systematic trends
observed for the 1 μm, 1.2 μm, or 2 μm absorption features
(Fig. 5a, c, and e). For the 1 μm and 1.2 μm absorption features
the data are evenly distributed around a 1:1 line, but for the 2 μm
absorption band center 2c2 either produces short wavelength
band centers or 2c1 measurements result in long wavelength
band centers. The paucity of overlapping data points in 2c2 and
2c1 could potentially obscure any clear relationship between these
two optical periods.

The abundance of overlapping data in optical periods 1b and
2c1 enables a more robust comparison of the calculated band
centers. Similar to the 2c2–2c1 comparisons, the 1.2 μm band
center does not show any systematic variation between 1b and 2c1
(Fig. 5d). Conversely, the 1 μm and 2 μm absorptions do show
systematic, but contradictory, variations. If optical period 2c1 is
taken as the baseline dataset, then the wavelengths of the 1 μm
band centers calculated for the 1b data are too short (Fig. 5b). The
reverse is true for the calculated 2 μm band centers (Fig. 5f); the
1b 2 μm band centers calculated using the MGM are located at
longer wavelengths compared with the 2c1 data. If these band
center variations were due to actual mineralogic differences the
band centers of the 1 mm and 2 mm absorption features would both
shift to long or short wavelengths in tandem.

The M3 instrument was above its nominal operating tempera-
ture (156 K) for most of the mission. During the “hot” optical
periods, such as 2c1 and part of 2c2 (May 20–July 9, 2009),
temperatures exceeded �160 K (Green et al., 2011). “Cold” optical
periods occurred when the instrument was below �160 K and
include optical periods 1b and part of 2c2 (July 12–August 16,
2009). Variations in detector temperatures affect the shape of
spectra as evidenced by the need to generate two different ground
truth corrections, one for “hot” and one for “cold” data (Isaacson
et al., 2013). “Hot” data deviated more from the laboratory-
measured spectra compared with the “cold” data. The application
of the ground truth correction brought the 1 μm band position of
“hot” and “cold” spectra closer together, such that at lower
latitudes they are almost identical. It is only at higher latitudes
that a deviation in the shape of spectra occurs (Isaacson et al.,
2013). Therefore, smaller spectral variations are expected in the
1 μm region due to the applied ground truth corrections and the
minimal contribution from thermal effects at wavelengths

o�1.5 μm. Smaller variations in the position of the 1 μm are, in
fact, observed (Fig. 5; Table 1).

The 2 μm variations between optical periods are much more
substantial and are difficult to attribute to one particular variable.
A comparison of the MGM-derived 2 μm positions with M3

detector temperatures suggests that there is no correlation
between the two variables (Fig. 5e and f); optical period 2c1 is
“hot” and 2c2 is both “hot” and “cold” (Table S3). In the 2c2–2c1
comparison (Fig. 5e), 2c1 is either producing long wavelength
2 μm band centers, or 2c2 band centers are too short. On the other
hand, the 1b–2c1 comparison (Fig. 5f) suggests that 2c1 produces
short wavelength 2 μm absorptions, or 1b band center values are
too long. Thus, the “hot” 2c1 data produce MGM 2 μm absorptions
that occur at both long and short wavelengths. The Dewar and Van
de Graaff data can be used to confirm this observed lack of a
correlation; Dewar and Van de Graaff are the only “cold” 2c2 data
in this study, the remaining 2c2 data are from “hot” detector
periods. While the Dewar 2c2 datum plots above the 1:1 line
(Fig. 5e, orange square), just like the “cold” 1b data (Fig. 5f), the
Van de Graaf 2c2 data plot both above and below the 1:1 line
(Fig. 5e, yellow upside down triangle), providing no clear relation-
ship between “hot” 2c1 and “cold” 2c2 data. Thus the “cold” 2c2
data provide more evidence to suggest that detector temperature
may not be controlling the 2 mm band center variations.

These M3 optical period comparisons of 1 μm and 2 μm band
center data indicate that the variation is not directly related to
temperature and should not systematically affect MGM results,
providing confidence that M3 spectra can be used to distinguish
between the presence of low- versus high-Ca pyroxene.

3.3. M3 cryptomaria and maria

The calculated mineralogies of the 414 measured cryptomare
and exposed mare spectra overlap substantially with one another
(Fig. 6). Cryptomaria and exposed maria display a spread in band
center values, from 0.95 to 1.00 μm and 2.05 to 2.30 μm. The 1 mm,
1.2 mm and 2 mm band centers produce band center ranges of
72 nm, 30 nm, and 256 nm, respectively. Despite the variation in
band center values, all of the M3 remote measurements overlap
with well-characterized synthetic clinopyroxene samples mea-
sured in the laboratory (Figs. 6 and 7). Additionally, there is a
strong correlation between the position of cryptomare and mare
band center values and band center measurements derived from
Apollo 11, 12, and 15 rock and soil samples (McCord and Adams,
1973) (Fig. 6, gray fields).

In 83% of study regions there is no clear distinction between
the MGM-derived band center values for cryptomaria and exposed
maria (Fig. 7). The few cryptomare regions that do show some
distinction between cryptomaria and exposed maria mineralogies
include Langemak, Lomonosov–Fleming, and Lacus Solitudinis
(Fig. 7h, i, q). Cryptomaria in Lacus Solitudinis (Fig. 7q) generally
have longer wavelength 1 μm and 2 μm absorption features
compared with the exposed maria. The reverse is true for the
Langemak (Fig. 7h) and Lomonosov–Fleming (Fig. 7i) regions;
cryptomaria have shorter wavelength 1 μm and 2 μm absorption
bands. Despite this observed separation between cryptomaria and
exposed maria, there is some overlap between the cryptomare and
exposed mare band centers around Lacus Solitudinis and Lomo-
nosov–Fleming.

Frigoris, Hercules, and Tarunitus are relatively “young” crypto-
maria, formed from the continuous ejecta deposits of Eratosthe-
nian- and Copernican-aged craters overlying and partially covering
exposed maria (Wilhelms and McCauley, 1971; Giguere et al.,
2003), compared with the impact basin events that formed the
larger cryptomaria. The formation mechanism for relatively
“young” cryptomaria (Giguere et al., 2003) implies that the

Table 1
Mean difference in calculated 1, 1.2, and 2 μm absorption features between the
different M3 optical periods (1b versus 2c1; 2c2 versus 2c1).

Optical period Band center
difference (nm)

1 μm 1b, 2c1 8.1
2c2, 2c1 3.5
Mean of all 3 optical periods 5.874.0

1.2 μm 1b, 2c1 1.9
2c2, 2c1 1.8
Mean of all 3 optical periods 1.970.8

2 μm 1b, 2c1 24.3
2c2, 2c1 26.3
Mean of all 3 optical periods 25.379.8
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exposed mare deposits should have the same composition as the
cryptomare DHCs. MGM-derived 1 μm and 2 μm band centers for
Frigoris, Hercules, and Taruntius do have similar cryptomare and
mare band center values and, therefore, support the abovemen-
tioned formation hypothesis (Fig. 7e, f, and p). Hercules is a clear
example of the overlap in MGM-derived band center values
between cryptomaria and exposed maria (Fig. 7f).

Schiller–Schickard and West Humorum show large variations
in the mineralogy of both cryptomaria and exposed maria (Fig. 7m
and s), on the order of 0.015–0.045 μm and 0.115–0.225 μm for the
1 μm and 2 μm absorption bands, respectively. The short wave-
length end of the calculated absorption band centers corresponds
to low-Ca pigeonites and the longer wavelength end of the trend
corresponds to low-Ca augites. Other study regions, such
as Smythii and South Pole–Aitken, do not display significant
mineralogic differences (Fig. 7n and o), with o0.025 μm and
o0.070 μm variation for the wavelength position of the 1 μm and
2 μm absorption bands, respectively. Many study regions have
large data clouds with no distinct mineral trends; the numerous
observations from Australe produce a large data cloud with
o0.05 μm variation in the calculated position of the 1 μm absorp-
tion band, and 0.1 μm variation in the 2 μm absorption band
(Fig. 7a).

An increase in the relative abundance of orthopyroxene to
clinopyroxene, due to mixing of basin ejecta materials with the
DHC-excavated material, in certain mare and cryptomare ponds
might explain the large band center variations observed in
Schiller–Schickard and West Humorm. However, this explanation
is probably not responsible for the absorption band centers

because the variability is also observed in the maria where
sampled craters do not impact into any high albedo feldspathic
materials and, therefore, do not have the opportunity to mix with
substantial quantities of orthopyroxene-rich materials. In an
attempt to prevent collecting cryptomaria spectra from regions
of mixed materials, only the interior walls of DHCs were sampled,
where regolith cannot accumulate and cover rock outcrops. If
mixing processes are responsible for the variation in band centers
it should be observed at Schiller–Schickard because these crypto-
maria were covered by ejecta from one of the youngest impact
basins on the Moon, Orientale. Cryptomaria closest to the Orien-
tale basin rim would have more superposed Orientale ejecta and
are expected to mix with a larger amount of orthopyroxne-rich
ejecta, while cryptomaria further away would have less material to
mix with and, therefore, have longer wavelength absorptions due
to the dominance of basaltic material. This spatial trend is not
observed in the data and suggests that another geologic process is
responsible for the observed band center variations.

Additionally, the variation in pyroxene composition at Schiller–
Schickard and West Humorum is probably not related to the
evolution of the magma source region over time because the
same trend is observed for both old (cryptomare) and young
(mare) volcanic deposits. If the magma source did evolve then the
maria and cryptomaria band centers should be separated from one
another, instead of overlapping. In order to be detected in M3

spectra, the different pyroxene compositions need to be generated
by a process that is active over spatial scales of hundreds of meters
(the minimum M3 pixel is 140 m). Compositional anomalies in the
lunar mantle due to cumulate overturn are estimated to be on the
order of 102–104 m (Spera, 1992), well below the total distance
covered by the Schiller–Schickard (750–850 km) and Western
Humorum (600–725 km) basalt deposits and above the M3 detec-
tion limits. Thus, a heterogeneous source region for the magmas
erupted in the Schiller–Schickard and West Humorum regions
may provide a possible explanation for the observed pyroxene
variations.

Most of the observed mineralogic variation is in the 2 μm
absorption band. For all processed spectra, both cryptomaria and
exposed maria, the wavelength position of the 1 μm absorption
band has a much narrower range of calculated values. The larger
observed variation at 2 μm is consistent with the measured band
center variations between the different M3 optical periods
(Table 1, Fig. 5). Laboratory measurements of synthetic and natural
samples (Cloutis and Gaffey, 1991; Klima et al., 2007, 2011) have
�170 nm variation in the position of the 1 μm band and �525 nm
of variation in the 2 μm absorption band between ortho- and
clinopyroxenes. Of the three crystal field absorptions modeled, the
2 μm band has the largest uncertainty between the different M3

optical periods, 725.3 nm which is the error value assigned to
each data point in Figs. 6 and 7. The uncertainty associated with
the 1 μm absorption feature is only 75.8 nm (Table 1), approxi-
mately four times smaller. The variability and uncertainties in the
calculated band center values also coincide with the change in
spectral resolution of the M3 data from the 1 μm region to the
2 μm region. Between �730 nm and �1550 nm the M3 imaging
spectrometer has a spectral resolution of 20 nm. At longer wave-
lengths, from 1580 to 2500 nm the spectral resolution decreases to
40 nm (Green et al., 2011). Thus, there are more data points
available in the 1 μm region to constrain the position of the
absorption feature compared with the 2 μm region. The smaller
range in the position of the 1 mm absorption band in synthetic and
natural pyroxenes, combined with the higher M3 spectral resolu-
tion in the 1 mm region produce a narrower range of MGM-derived
1 mm band center values for the spectra sampled in this study.
Conversely, the greater observed variability in the MGM-derived
2 mm band centers is a result of lower M3 spectral resolution and

Fig. 6. Position of the 1 μm and 2 μm absorption features (McCord and Adams,
1973) for all cryptomare (orange circles) and exposed mare deposits (blue
diamonds). The data are overlain on laboratory measurements of a suite of well-
characterized synthetic pyroxenes (Klima et al., 2007, 2011) and overlain by five
gray fields representing measurements of Apollo 11, 12, and 15 rock and soil
samples (McCord and Adams, 1973). All collected spectra, cryptomare and mare,
coincide with the synthetic clinopyroxene 1 μm and 2 μm absorption positions. The
location of the data cloud at the lowermost portion of the clinopyroxene trend is
consistent with pigeonite (Klima et al., 2011). Error bars are the mean differences in
calculated band centers between the different M3 optical periods (Fig. 5; Table 1).
All data are from OP2c1, except for the Milne cryptomare and Van de Graaff mare
(OP2c2) because these deposits were not imaged during OP2c1. Representative
error bars for the maria and cryptomaria data are displayed in the legend as
“representative deviation”.
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Fig. 7. Wavelength positions of the 1 μm and 2 μm absorption features for each individual study region. Cryptomare (orange circles) and exposed mare (blue diamonds) from
each study region are plotted against a suite of synthetic pyroxenes (Klima et al., 2007, 2011). (a) Australe, (b) Balmer, (c) Cleomedes, (d) Dewar, (e) Frigoris, (f) Hercules,
(g) Humboldtianum, (h) Langemak, (i) Lomonosov–Fleming, (j) Marginis, (k) Mendel–Rydberg, (l) Milne, (m) Schiller–Schickard, (n) Smythii, (o) South Pole–Aitken,
(p) Taruntius, (q) Lacus Solitudinis, (r) Van de Graaff, (s) West Humorum, and (t) West Procellarum. All data are from optical period 2c1, except for Milne cryptomare and Van
de Graaff mare, which are 2c2. Legend for all graphs is located at the bottom of the figure.
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large variations in natural and synthetic pyroxene 2 mm absorption
band centers.

A majority of the calculated band centers plot to the left of the
synthetic pyroxene trend (Fig. 5b, g–j, n, and p-s). Typically, when
data plot off of the pyroxene trend it indicates that more than one
mineral phase is present (Adams, 1974). The presence of other
minerals may play a role in the band center results from this study
because lunar rocks contain many minerals in addition to pyrox-
ene, including olivine, plagioclase, and other minor phases (e.g.,
ilmenite and spinel), that could influence the shape of the
spectrum. For instance, plagioclase has a distinct mineral absorp-
tion at 1.25 μm (Conel and Nash, 1970), overlapping substantially
with the 1.2 μm pyroxene absorption (e.g., Sunshine et al., 1990;
Klima et al., 2008). While both the plagioclase and pyroxene
absorption features at �1.2 μm are observable with trace amounts
of Fe, pyroxene tends to dominate the spectrum due to its larger
imaginary index of refraction (cf. Lucey, 1998; Carli et al., 2014)
and can completely mask the plagioclase absorption. As little as
5–10 wt% pyroxene is needed to remove all evidence of crystalline
plagioclase in a VNIR spectrum (Cheek et al., 2013) and most lunar
basalts have 45–60% pyroxene. Currently, it is difficult to distin-
guish between a pyroxene spectrum with a strong 1.2 μm absorp-
tion and a spectrum of a plagioclase–pyroxene mixture; the
geologic setting (e.g., volcanic lava flow versus crater central peak)
of most spectral detections usually provides enough evidence to
interpret the spectrum.

However, it is more likely that residual thermal effects in the
M3 dataset are influencing the position of the 2 mm absorption
band center. A first-order thermal correctionwas applied to the M3

data by deriving temperature and emissivity from M3 spectra and
removing the thermal component from near infrared wavelengths
(Clark et al., 2011). This thermal correction did improve the shape
of M3 spectra at infrared wavelengths, but in order to completely
correct for thermal effects a more complex model incorporating
local topographic scattering effects must be developed and applied
to the spectra (McCord et al., 2011; Bandfield et al., 2014). Despite
the incomplete removal of thermal emission from M3 spectra, we
chose to model the entire M3 wavelength range (0.540–2.976 µm).
A shorter wavelength could be chosen as tie point 3 for the
continuum removal process (Section 2.2) to partially combat the
thermal effects in the infrared part of the spectrum, but there is no
way to ensure that this technique would move the position of the
2 mm absorption band center closer to its original expected value.
Therefore, to avoid adding this uncertainty into the calculated
band centers, the entire wavelength range of the M3 spectra was
processed. Regardless of the exact wavelength position of the
2 μm absorption band center, all of the cryptomare spectra
indicate a clinopyroxene-dominant mineralogy, consistent with a
mare basalt composition.

3.4. Compositional data

To further constrain the possible rock types of the mapped
cryptomaria (Fig. 1a) the Th (ppm) and FeO (wt%) abundances
were estimated using the LP GRS data (Fig. 8). The comparatively
low resolution (�60 km/pixel) of the LP data requires that the
average value for an entire mapped cryptomare deposit be used in
the derivation of these compositional values. Thus, the reported
values are averages of material exposed by DHCs and the felds-
pathic material superposed on the cryptomare deposit. For all
cryptomaria, Th abundances are between 0.5 and 4.8 ppm (Fig. 8),
with an average value of 1.4 ppm. The Frigoris cryptomaria have
the largest Th concentration (4.8 ppm), followed by West Procel-
larum and Van de Graaff (2.7 ppm), Hercules (2.4 ppm), and West
Humorum (1.9 ppm). All of these cryptomaria are located along
the edge of the Procellarum KREEP Terrane (PKT) (Jolliff et al.,

2000), thought to be Th-rich Imbrium basin ejecta (Haskin, 1998),
which suggests that these Th values are affected by the concen-
tration of incompatible elements found in this region of the Moon
and may not reflect the actual amount of Th in the buried mare
deposit. Of the cryptomaria not associated with the PKT, only
Dewar, Van de Graaff, and South Pole–Aitken have Th values
42 ppm. However, these three regions occur near another Th
enriched terrane, the South Pole–Aitken Terrane (SPAT) (Jolliff et
al., 2000). The remaining cryptomare have Th values between
1.0 and 1.4 ppm.

Cryptomaria LP GRS FeO values are between 5.4 and 12.4 wt%,
with an average of 8.4 wt%. The highest FeO values are generally
associated with cryptomaria adjacent to areally extensive mare
basalt deposits: Frigoris (12.1 wt%), Hercules (9.2 wt%), Taruntius
(12.4 wt%), and West Procellarum (9.5 wt%). Other cryptomaria,
however, namely Smythii (10.0 wt%) and South Pole–Aitken
(10.3 wt%), also have high FeO values. In the case of Smythii the
high FeO is due to its close proximity to extensive mare basalt
deposits contained within the impact basin. As mentioned pre-
viously, the South Pole–Aitken cryptomaria are within the SPAT,
which also has an FeO enrichment. The remaining cryptomaria
generally have between 6 and 9 wt% FeO. Dewar has the lowest
average FeO value, 5.4 wt%, which may be a function of its isolated
location on the farside where, throughout lunar history, this small
deposit was probably covered with a substantial layer of felds-
pathic material due to impact gardening which lowered the FeO
content.

Compared with the compositional measurements of lunar
rocks, cryptomaria average Th and FeO values are dominantly
associated with the Mg-norite and Mg-gabbronorite values (Fig. 8).
It is important to remember that these LP values are mixtures of
the underlying basalts and the overlying feldspathic ejecta. The
compositional influence of ejecta may bias both the Th and FeO
values to overlap with the Mg-norites. Contamination by felds-
pathic materials has been shown to lower the FeO content of lunar
soils (Korotev, 1998). The average FeO content of Schiller–Schick-
ard, in particular, is low at 7.8 wt% (Fig. 8). However, the FeO
content of this cryptomare deposit varies from �5 to 10 wt%.
These FeO variations can be correlated with the albedo of the
surface, where higher FeO values correspond to lower albedo
materials. The reverse is also true: high albedo surfaces typically
have lower FeO values. This albedo–FeO correlation suggests that
cryptomaria with high FeO and low albedo have only a thin layer
of superposed basin or crater ejecta. The albedo and FeO variations
are consistent with compositional and albedo observations at
Schiller–Schickard, a region that was resurfaced by the Orientale
basin impact event. The northwestern Schiller–Schickard crypto-
maria, closest to the Orientale basin rim and with the thickest
superposed ejecta, have the highest albedo and lowest FeO values
and the southeastern parts of the Schiller–Schickard cryptomaria,
farthest from the basin rim and with the thinnest superposed
ejecta, have lower albedo and higher FeO.

4. Comparison with other ancient igneous rocks

All spectra sampled from cryptomaria and exposed maria
correspond to lithologies dominated by clinopyroxene (Figs. 6 and
7). A clinopyroxene-rich mineralogy is typically associated with
mare basalts while orthopyroxene-rich geologic materials, with
pyroxene absorption band centers at shorter wavelengths, denote
a noritic composition. Reflectance Experiment Laboratory (RELAB)
spectra of Apollo samples (Fig. 9a), such as a low-Ti basalt
(15058,276), a high-Ti basalt (70017) (Isaacson et al., 2011b), a
dunite (72415,64), a norite (72255,74), a troctolite (76535,17), a
high-Al mare basalt (14301,49), and a KREEP basalt (14310,152)
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were processed using the same methods as described above
(Section 2) for the M3 spectra, including the continuum removal
process. RELAB spectra are bidirectional reflectance measurements
(Pieters, 1983) between 0.5 and 2.6 μm. Lunar samples that are not
dominated by pyroxene were processed to determine how the
automated MGM would fit the spectra of these samples and to test
the robustness of the automated MGM and the selected Gaussian
wavelength positions.

As expected, the calculated positions of the 1 μm and 2 μm
band centers for the lunar rocks show greater variability than the
cryptomaria or exposed maria (Fig. 9b). All of these ancient lunar
rock types plot off of the synthetic pyroxene trend indicating the
complex mineralogy of these rock samples, including minerals
other than pyroxene. For instance, the dunite band center results
are far removed from the synthetic pyroxene trend (Fig. 9b, green),
an expected behavior given that this sample is dominated by
olivine and the automated MGM input parameters are optimized
for pyroxene spectra. Olivine has three individual absorption
features that comprise its 1 mm absorption band (e.g., Burns,
1970), which cannot be modeled accurately with only the two
bands assigned to the 1 mm region in our automated MGM. Of all
the ancient lunar volcanic rocks, the low-Ti basalt sample plots
closest to the band center positions of the M3 cryptomaria and
exposed maria spectra. Each of the modeled lunar rocks are
composed of multiple minerals and, therefore, are not accurately

modeled by the single pyroxene approach. However, the model
developed here is capable of distinguishing between the different
rock types.

5. Discussion

Over time substantial regolith mixing occurs on the Moon, with
the uppermost millimeters of the surface (McEwen et al., 1997)
overturning more rapidly than deeper parts of the lunar regolith
(Gault et al., 1974). The upper microns of the regolith, corresponding
to the optical surface viewed by VNIR spectrometers, is overturned
within �104 years. At a depth of �10 cm the turnover rate is on the
order of 0.5 Ga (Shoemaker et al., 1970; Gault et al., 1974; McEwen
et al., 1997). Thus, the amount of mixing between the basaltic ejecta
deposits of DHCs and the underlying feldspathic basin ejecta will
depend on the thickness of the DHC ejecta deposits. Thinner DHC
ejecta will be mixed with feldspathic ejecta while the thicker regions
of the DHC ejecta will be preserved and remain detectable with
orbital spacecraft. A DHC in Balmer cryptomaria (Fig. 1c and d)
provides a clear example of vertical mixing. The low albedo ejecta
halo is confined to within one crater diameter from the rim crest
(Fig. 1c). The thinner regions of the ejecta deposit further from the
crater rim have been mixed into the surrounding feldspathic regolith,
such that a low albedo signature is no longer observable. In M3 data,
however, the pyroxene signature in the mixed regions can be
observed and shows the crater ejecta extending outside one crater
diameter from the rim crest.

Lateral mixing is also an important process that contributes
to homogenization of the lunar regolith (Li and Mustard, 2000).
The combination of vertical and lateral mixing diminishes the
compositional and spectral signatures of DHCs. Measurements of
mare soils collected during the Apollo program indicate that there
is less Fe and more Al present compared to the corresponding
mare basaltic rocks, providing observational evidence for felds-
pathic highlands contamination in lunar basaltic soils (Korotev,
1998). The observed offset between the LP GRS FeO and Th values
estimated for cryptomaria and the measured FeO and Th values for
lunar mare basalts (Fig. 8) can be explained by regolith mixing.
The LP GRS data collected for the cryptomaria are averages of the
whole deposit (Fig. 8, green circles), both DHCs and basin ejecta
deposits, which are more offset from expected mare basalt values
compared with the LP GRS Th/Clementine FeO data (Fig. 8, orange
circles). The Clementine dataset has a higher spatial resolution
(100–200 m/pixel) than LP GRS FeO measurements (�60 km/
pixel) allowing for the FeO content of individual DHCs to be
estimated, instead of calculating the FeO content from the entire
mapped cryptomare deposit. Previous researchers have also con-
cluded that regolith mixing has artificially decreased the Th and
FeO measurements of cryptomare deposits (Giguere et al., 2003;
Hawke et al., 2005; Lawrence et al., 2008).

The geologic setting of each of the ancient lunar rock types
included in this study (Fig. 9a) varies and can provide further
information to determine the dominant lithology of cryptomaria.
Both high-Ti and low-Ti mare basalts are typically located in large
impact basins or topographic lows, such as Oceanus Procellarum.
The majority of returned samples that have a KREEP basalt
composition are actually impact melt rocks associated with the
Imbrium formation event. However, there are a few samples from
the Apollo 15 and 17 missions that are believed to be extrusive
based on a primary igneous texture, a lack of lithic clasts and
siderophile elements indicative of meteorite impacts, and evi-
dence for a two-stage cooling process (e.g., 15404, 15358, 15382,
15386, 15434) (Ryder, 1987). It is difficult to infer a geologic setting
for many of these samples since they are typically only small hand
sample-sized fragments. Despite their small size, suggestions from

Fig. 8. FeO versus Th values for identified cryptomaria (Fig. 1). Average Lunar
Prospector Th (ppm) and FeO (wt%) for an entire mapped cryptomare deposit are
plotted in green circles. FeO values of dark-halo impact craters (DHCs) derived from
Clementine data (Lucey et al., 1995) and Lunar Prospector Th values measured in
previous studies (Giguere et al., 2003; Hawke et al., 2003, 2005; Lawrence et al.,
2008) are shown in orange circles. Black horizontal lines connect circles identifying
the minimum and maximum values measured for a single cryptomare deposit.
Black symbols superposed on circles indicate a specific cryptomare in order to
show how the Lunar Prospector FeO values of the entire deposit compare with
Clementine FeO values of DHCs: upright triangle¼Dewar, square¼Balmer, dia-
mond¼Schiller–Schickard, upside down triangle¼Lomonosov–Fleming. The Th
values are not exactly the same between the data collected in this study (green
circles) and data from previous studies (orange circles) because the most recent LP
calibration (Prettyman, 2012) was used for this study while older calibrations
(Lawrence et al., 2002) were used for previous studies. The Lunar Prospector FeO
values are low, as would be expected for a basaltic deposit that has been covered
and mixed with feldspathic material. After Figure 2.5 from Lucey et al. (2006).
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geologic mappers (Cadogan, 1974; Hawke and Head, 1977; Spudis,
1978; Wilhelms, 1987) and the fact that the KREEP samples were
collected in basin settings at the Apollo 15 and 17 sample sites
indicate that many of the extrusive KREEP basalts may have
formed as early basin fill deposits. The density of KREEP and
high-Al mare basalts is similar to the latest estimates of the
average crustal density (Wieczorek et al., 2013), which would
allow these mantle melts to propagate and erupt onto the surface
if located within hydrostatically favorable locations, such as
impact basins (Solomon, 1975). The high aluminum content of

the KREEP and high-Al mare basalts and their occurrence in Apollo
14 Fra Mauro breccias argues for a similar geologic provenance
(Nyquist and Shih, 1992). The identification of in situ troctolite-
rich lithologies is confined to crater central peaks (Pieters and
Tompkins, 1999; Tompkins and Pieters, 1999). During an impact,
the crater central peaks are thought to expose the deepest-seated
crustal materials (Ullrich et al., 1977; Melosh, 1989). The fact that
troctolite-rich materials are only exposed in crater central peaks
suggests that they occur dominantly as intrusive igneous deposits
in the lunar crust. Dunite and olivine-rich rocks are also excavated
from the crust (Pieters, 1982; Tompkins and Pieters, 1999) and
possibly from the mantle during impact basin events (Yamamoto
et al., 2010).

The presence of troctolite and dunite lithologies in central
peaks and the lack of detections outside of impact craters imply
that these rocks occur primarily as plutons and are usually of
limited areal extent; this observation is inconsistent with the
geologic settings of mapped cryptomaria (Fig. 1a). The most areally
extensive cryptomaria are associated with ancient impact basins,
such as Schiller–Zucchius and Lomonosov–Fleming, while the
remaining deposits are associated with other smaller impact
structures. Cryptomaria are detected by the identification of a
DHC clinopyroxene mineralogy; high concentrations of DHCs
superposed on light smooth plains are indicative of a cryptomare
deposit (Whitten and Head, 2015). No cryptomaria have been
positively identified on the walls or central peak of a large impact
crater or basin. Based on orbital detections of early lunar volcanic
rock types, the lithologies expected to erupt as voluminous
deposits on the lunar surface include mare basalts (high- or low-
Ti magmas), KREEP basalts, and high-Al mare basalts. The
observed distribution of these four basaltic lithologies is consistent
with the geologic setting of the mapped cryptomaria (Fig. 1a).

Several lines of evidence suggest that the cryptomaria analyzed in
this study correspond to a mare basalt mineralogy, including: (1) the
dominance of clinopyroxene in the M3 spectra (Figs. 6 and 7), (2) the
overlap of MGM-derived absorption band positions for cryptomaria
and exposed mare basalts (Figs. 6 and 7), (3) the band center overlap
between Apollo mare samples and the M3 cryptomaria and maria
(Fig. 6, gray polygons), (4) mixing analyses and turnover rates for the
lunar regolith explain the low FeO values measured for the crypto-
mare deposits, and (5) the low Th values (Fig. 8). The low-Ti mare
basalt modeled in this study matches most closely with the crypto-
maria band centers (Fig. 9b), but other mare basalt spectra may also
provide band centers consistent with the cryptomaria modeled in
this study.

6. Conclusions

M3 and LP data have been used to determine which ancient
lunar rock type is most consistent with the observed mineralogical
and compositional characteristics of mapped cryptomaria. The
MGM was used to estimate the position of the 1 μm and 2 μm
absorption features in the sampled M3 cryptomare spectra. In
addition, different M3 optical period data sets have been compared
to determine how the model-derived mineralogies vary due to
spacecraft temperature. We find:

(1) The model-derived 2 μm band position of M3 spectra is
estimated at shorter wavelengths than expected based on
laboratory measurements of natural and synthetic pyroxenes.
This shift in the 2 mm absorption band center is due partly to
the continuum removal process and to the residual thermal
effects in the M3.

(2) The derived pyroxene mineralogies of cryptomaria are gen-
erally consistent with exposed mare basalts in the same local

Fig. 9. Spectra of ancient volcanic rock types on the Moon. (a) RELAB spectra of
7 different volcanic lithologies re-sampled to M3 wavelengths: a low-Ti basalt
(15058,276; LR-CMP-152), a high-Ti basalt (70017; LR-CMP-156), olivine clasts from
a dunite (72415,64; LS-CMP-003), a norite (72255,74; LS-JBA-212), a troctolite
(76535,17; LS-JBA-245), a high-Al basalt (14301,49; LS-JBA-093), and a KREEP basalt
(14310,152; LS-JBA-095). Spectra were measured only to 2.5 μm. (b) A 2 μm versus
1 μm plot showing the calculated band positions of the ancient volcanic rocks,
using the same method applied to the M3 orbital spectra. The semi-transparent
gray symbols (circles and diamonds) are the cryptomaria and maria MGM results
from Figs. 6 and 7; the darker gray regions are areas with a higher density of
symbols.
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region (e.g., Australe, Smythii, South Pole–Aitken). In addition,
in most cryptomaria there is little observable variation in the
model-derived pyroxene mineralogy (Fig. 7).

(3) There are a few cryptomare regions (e.g., Schiller–Schickard,
West Humorum) with significant variation in the calculated
pyroxene mineralogies, especially in the position of the 2 μm
absorption band (Fig. 7). This observed variation cannot all be
attributed to thermal effects because all of the collected
cryptomare spectra contain residual thermal energy and
neither Schiller–Schickard or West Humorum are associated
with thermal anomalies on the surface; both of these crypto-
maria are located at similar mid-latitudes away from the lunar
poles and the equator. A geologic process associated with
volcanism, magma evolution or magma source heterogene-
ities, is likely responsible for the observed mineralogic varia-
tions in cryptomaria and maria spectra.

(4) The LP GRS measurements were measured over large areas,
meaning these values represent an average of the ejecta of
DHCs and the superposed feldspathic basin ejecta deposits.
Therefore, the anomalously low values of FeO and Th that
suggest Mg-rich lithologies (Fig. 8) can actually be explained
by regolith mixing processes.

(5) Of the ancient igneous rocks considered (low-Ti mare basalts,
high-Ti mare basalts, Mg-suite rocks, dunite, high-Al mare
basalts, KREEP basalts), only the mare basalts have absorption
band centers and FeO and Th concentrations consistent with
the sampled cryptomaria spectra and are expected to have
been erupted as areally extensive volcanic deposits.
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