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[1] Lomonosov-Fleming is a 620 km, pre-Nectarian impact basin centered at 19�N,
105�E. Clementine multispectral images and a variety of spacecraft photographs were
used to investigate the composition and origin of geologic units in the region. Mare basalt
deposits in the Lomonosov-Fleming region are small and exhibit varying degrees of
highlands contamination. Four previously unrecognized dark mantle deposits of probable
pyroclastic origin were identified and mapped. A major expanse of cryptomare was
mapped in and around the Lomonosov-Fleming basin. Spectral and chemical data
obtained for dark-haloed craters (DHC) established that these impact craters excavated
mare basalt from beneath higher-albedo highlands-rich surface units. The buried basalts
exposed by DHCs in the region exhibit a variety of compositions, which range from very
low titanium basalt to intermediate TiO2 mare basalt. Nectarian-aged units with
subjacent cryptomare are much more extensive than Imbrian-aged deposits with
underlying basalt. At least some of the buried mare basalts in the region may have
been emplaced during pre-Nectarian time. While both impact basins and craters played a
role in cryptomare formation by transporting highlands material to mare surfaces, the
evidence indicates that most of the cryptomare inside the basin are of the distal basin
ejecta type. The enhanced FeO and TiO2 abundances exhibited by these cryptomare
surfaces, usually light plains units, demonstrate that ballistic erosion and sedimentation
played an important role in their formation. INDEX TERMS: 6250 Planetology: Solar System

Objects: Moon (1221); 8450 Volcanology: Planetary volcanism (5480); 5420 Planetology: Solid Surface
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1. Introduction

[2] Lomonosov-Fleming is an ancient impact basin on the
east side of the Moon. The basin, which is one of the oldest
on the Moon, is just out of view from Earth at 19�N, 105�E
and is positioned east and northeast of Mare Marginis
(Figures 1 and 2). A number of unusual features exist in
the Lomonosov-Fleming (L-F) region, including: bright
swirls, groove-like crater chains, dark halo craters, and a
concentration of light plains deposits. This pre-Nectarian
basin is named for the Nectarian-aged crater Fleming (130
km, 15�N, 109.5�E) and the lower Imbrian-aged crater
Lomonosov (93 km, 27.5�N, 98�E), which is mare filled.
The basin was originally detected by mapping mounds,
ridges, and scarps which connect to define an arcuate partial

ring that is 620 km in diameter. These morphologic features
delineate the rim of the basin. Wilhelms and El-Baz [1977]
and Wilhelms [1987] were only able to map a partial basin
ring. This is why the white dashed circles in Figures 2 and 3
are not complete. The degraded Lomonosov-Fleming basin
has an unusual topography [Wilhelms and El-Baz, 1977].
No interior ring is observed and the basin interior appears as
a quasi-circular, smooth plateau of nearly constant elevation
about 500 km across [Spudis, 1995].
[3] Schultz and Spudis [1979, 1983] identified several

dark-haloed impact craters in the Lomonosov-Fleming
region and suggested that the basin was the site of ancient
mare volcanism. Buried mare deposits such as these were
designated as cryptomare by Head and Wilson [1992].
These workers stated that cryptomare means ‘‘covered or
hidden mare deposits that are obscured from view by the
emplacement of subsequent deposits of higher albedo.’’
Studies of cryptomaria can provide information that is
critical to understanding the evolution of the Moon. At
present, the time of the onset of mare volcanism is not
known. Since cryptomaria represent the earliest mare
basalts, determination of their ages will provide information
concerning the initiation of extrusive mare volcanism.
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Figure 1. Apollo 12 image (AP12-55-8226) of the east side of the Moon showing the Lomonosov-
Fleming basin near the terminator. Major features are marked for orientation. North is toward the top.

Figure 2. Close-up view of the Lomonosov-Fleming region (AP12-55-8202). The degraded partial
basin ring is indicated by a white dashed line [Wilhelms and El-Baz, 1977]. Extensive light plains
deposits are visible in the interior of the basin, which is 620 km in diameter. Mare deposits occur on the
interiors of such craters as Joliot (diameter = 164 km) and Lomonosov (diameter = 84 km).
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Cryptomaria were formed by magmas generated by the
earliest partial melting of the lunar mantle. Chemical data
for cryptomaria provides evidence concerning the compo-
sition of these early partial melts.
[4] In the immediate post-Apollo era, numerous workers

related the composition and age of mare units as a function
of position on the lunar surface [e.g., Soderblom and
Lebofsky, 1972; Soderblom et al., 1977; Head, 1976]. It
was noted that basaltic deposits on the eastern portion of the
nearside were generally old (3.8–3.5 Ga) and titanium-rich,
while mare units on the western side were younger and
exhibited relatively low TiO2 values. These observations
lead to the suggestion that the earliest mare basalts were
titanium-rich. Since it is now known that cryptomaria are
the oldest mare basalts [e.g., Head and Wilson, 1992]
determination of their compositions will allow this hypoth-
esis to be tested. A mafic geochemical anomaly was
identified in the southwestern portion of the Lomonosov-
Fleming region (Figure 3) using Apollo orbital geochemis-
try data [Haines et al., 1978; Hawke and Spudis, 1980;
Hawke et al., 1985; Clark and Hawke, 1991]. It has been
suggested that this mafic geochemical anomaly is due to the
presence of cryptomare deposits in this area [e.g., Hawke
and Spudis, 1980]. Cryptomaria may prove to be responsi-

ble for mafic anomalies in the Lunar Prospector data sets
elsewhere on the Moon [Hawke et al., 2003]. Finally, it has
been suggested that cryptomare units played an important
role in the formation of some lunar light plains deposits
[e.g., Hawke et al., 1985; Head et al., 1993].
[5] Clementine multispectral images and a variety of

spacecraft photographs were used to investigate the compo-
sition and origin of geologic units in the Lomonosov-
Fleming region. The goals of this study include the
following: (1) to determine the origin and distribution of
dark halo craters in the region, (2) to study the composition of
surface units in and around the L-F basin region, (3) to
search for possible cryptomaria and to investigate the pro-
cesses responsible for their formation, (4) to determine the
composition and age of the buried mare units, and (5) to
investigate the processes responsible for the formation of the
Lomonosov-Fleming light plains deposits.

2. Methods

[6] The primary data used for this study were images
from the Clementine UV-VIS camera. The Clementine
images provide high spatial resolution (�100–200 m/pixel)
and illustrate local and regional spatial relationships, but are

Figure 3. Clementine 750 nm image mosaic showing the Lomonosov-Fleming region under high Sun
illumination. The image mosaic is shown in simple cylindrical projection and has a spatial resolution of
1 km/pixel. The black vertical lines are areas where data are missing. The locations of 17 well-developed
dark-haloed impact craters are indicated by numbers (Table 1). The arrow indicates a small crater that has
excavated mare material from a dark layer on the wall of Lobachevskiy. Portions of the ejecta deposit of
the small crater are dark and exhibit enhanced FeO values. The Lomonosov-Fleming basin ring is shown
as a white dashed line.
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of low spectral resolution (five channels between 0.4 and
1.0 mm). However the bandpasses of the UV-VIS camera
filters (415, 750, 900, 950, and 1000 nm) were chosen
specifically for lunar study by the Clementine science team
to maximize the information content returned by this
multispectral instrument [Nozette et al., 1994].
[7] The U.S. Geological Survey’s Astrogeology Program

has published on CD-ROM a Clementine five-color
UV-VIS digital image model (DIM) for the Moon [Eliason
et al., 1999; Robinson et al., 1999; Isbell et al., 1999]. Data
from this DIM were mosaicked to produce an image cube in
simple cylindrical projection centered on the Lomonosov-
Fleming region, at 1 km/pixel spatial resolution (Figure 3).
This calibrated image cube served as the basis for the
production of a number of other data products, including

FeO and TiO2 maps (Figures 4b and 4c). Image cubes with
higher spatial resolution (100 m/pixel) were produced for
selected areas (e.g., Figures 5 and 6).
[8] The 750 nm images are extracted directly from the

digital image model and required only minimal histogram
stretching for presentation (Figures 3, 5a, and 6a). The FeO
maps (Figures 4b, 5b, and 6b) were prepared using the
algorithms of Lucey et al. [2000a]. The Lucey method for
mapping FeO content relies on 750 nm reflectance and 950
nm/750 nm ratio images to measure the spectral effects of
ferrous iron in major lunar minerals such as pyroxene and
olivine. The technique accounts for the competing optical
effects of the submicroscopic metallic iron that is produced
as rocks are exposed to micrometeorite bombardment and
solar wind implantation at the lunar surface [Lucey et al.,

Figure 4. (a) Map showing the distribution of cryptomare and other geologic units in the Lomonosov-
Fleming region. This map covers the area shown in Figure 3. Cryptomare associated with light plains
deposits are shown as yellow and are labeled CMa (cryptomare a). Cryptomare covered by other
highlands units are labeled CMb (cryptomare b) and are indicated by the color purple. Mare basalt units
(MB) are red and dark mantling deposits (DMD) of probable pyroclastic origin are orange. The
Lomonosov-Fleming basin ring is shown a white dashed line. (b) FeO map derived from Clementine
UV-VIS images. This map is for the same area as the 750 nm image shown in Figure 3. The black vertical
lines in this figure as well as in Figures 4c and 4d are areas where data are missing. (c) TiO2 map
produced from Clementine UV-VIS images. This map covers the same area as the 750 nm image shown
in Figure 3. (d) Optimal maturity parameter image produced for the Lomonosov-Fleming region. Brighter
tones indicate lower maturity (fresher material).
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1995; Hapke, 2001]. The TiO2 maps (Figures 4c, 5c, and 6c)
were produced using the method described by Lucey et al.
[2000a]. This technique utilizes a spectral parameter derived
from 750 nm reflectance and 415 nm/750 nm ratio images.
The mapping from the color albedo parameter to wt % TiO2

is based on an understanding of the spectral effects of the
Ti-rich opaque mineral ilmenite (FeTiO3) as a component of
a mineral mixture comprising the lunar regolith at the
locations sampled by Apollo and Luna [Blewett et al.,
1997; Jolliff, 1999; Lucey et al., 1998, 2000a; Blewett and
Hawke, 2001]. Optical maturity (OMAT) images (Figures
4d, 5d, and 6d) were produced using the algorithms of Lucey
et al. [2000b] to provide information on the relative maturity
of various features in the study area. Optical maturity
parameter data are useful for investigating the relative ages
of deposits associated with DHCs.
[9] Past nearside studies have had the advantage of using

detailed ground-based spectra for the analysis of dark halo
craters [e.g., Hawke and Bell, 1981; Hawke et al., 1989;
Blewett et al., 1995]. Near-infrared spectra as presented by
these workers provided detailed mineralogical information
on dark halo deposits. Farside studies such as this one must
rely solely on spacecraft-gathered data. While data with
high spectral resolution are not available, recent efforts have
demonstrated that Clementine five-point spectra can be used
to derive a number of diagnostic parameters that can be used
to determine the lithology of areas for which the spectra
were obtained [Tompkins and Pieters, 1999; Pieters et al.,
2001]. We have used five-point spectra extracted from
the calibrated and registered Clementine UV-VIS images
[Robinson et al., 1999; Isbell et al., 1999; Eliason et al.,

1999] to investigate the composition of units in the Lomo-
nosov-Fleming region (Figure 7). The techniques described
by Tompkin and Pieters [1999] were utilized. The dark halo
crater spectra shown in Figure 7 are the average of nine
pixels selected to avoid steep slopes and to be representative
of the dark ejecta. The areas for which these spectra were
collected are indicated in Figures 5a and 6a. In addition,
spectra for two fresh highlands craters and one fresh mare
crater in the L-F region are shown in Figure 7.
[10] The average FeO and TiO2 values for the least

contaminated portions of the dark halos are listed in Table 1
for the 17 DHCs shown in Figure 3. The values are the
maximum values for the dark halos and they were obtained
by averaging a 2 � 2 pixel (100 m/pixel) matrix in the area
of the highest chemical concentration. Care was taken to
avoid slopes because of topographic effects that may affect
the FeO and TiO2 estimates.
[11] The chemical values and ages determined for mare

basalt deposits in the Lomonosov-Fleming region are given
in Table 2. The ages are those presented by Wilhelms and
El-Baz [1977]. The FeO and TiO2 abundances are peak
values for each area and were derived by averaging a 2 � 2
pixel (1 km/pixel) matrix around the area of highest
chemical concentration.

3. Results and Discussion

3.1. Dark Halo Craters

3.1.1. Identification and Distribution of DHCs
[12] Clementine 750 nm images and Apollo photographs

were used to identify and map the distribution of dark halo

Figure 5. (a) Clementine 750 nm image of Deutsch crater (diameter = 66 km) and the terrain
immediately to the west. This area exhibits a high density of dark halo craters. Six well-developed DHCs
are identified by numbered arrows (Table l). Arrows C and D indicate the locations where spectra were
obtained for crater 4 (Figure 7). (b) FeO map of the area shown in Figure 5a. (c) TiO2 map of the area
shown in Figure 5a. (d) Optical maturity parameter image produced for the Deutsch crater region.
Brighter tones indicate lower maturity.
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craters (DHCs) in the Lomonosov-Fleming region. Clem-
entine 750 nm images are well suited for mapping DHCs
because of their high spatial resolution and because they
were obtained at a relatively low phase angle. The locations
of 17 of the best developed DHCs are shown in Figure 3.
These 17 craters were selected because their dark halos are
prominent and complete. It is important to distinguish
endogenic craters which may have dark halos of pyroclastic
debris from exogenic impact craters. The criteria used to
positively identify dark halo impact craters were largely
derived from those given by Schultz and Spudis [1979],
Head and Wilson [1979], and Hawke et al. [1985]. Head
and Wilson [1979] noted that exogenic craters are generally
circular, have a depth/diameter ratio of about 1:5 for fresh
craters smaller than 10 km, exhibit braided ejecta facies and
secondary craters, and have an uplifted rim. Endogenic
craters often have a noncircular shape and are commonly
aligned with rilles, fractures or other lineaments. In addi-
tion, volcanic craters do not exhibit a raised rim, rays, or
secondary craters. Endogenic craters have depth/diameter
ratios that are generally less than those of impact structures.
Hawke et al. [1985] described additional criteria for dis-
tinguishing endogenic from exogenic craters using remote
sensing data.
[13] These criteria were applied to the DHCs identified in

the Lomonosov-Fleming region. It was determined that all of

the dark halo craters were formed by impact. No endogenic
craters were identified. These impact craters were further
examined, as some dark halos surrounding impact craters are
potentially deposits of dark impact melts [Howard and
Wilshire, 1975; Hawke and Head, 1977; Hawke et al.,
1979; Smrekar and Pieters, 1985]. These melt deposits
may be recognized by their preferential concentration in
topographic lows [Schultz and Spudis, 1979], the presence of
cooling cracks and fluid flow features [Hawke and Head,
1977], and a spectral signature indicative of highland com-
positions [Bell and Hawke, 1984]. Impact melt deposits are
generally confined to narrow zones near the rim crest and are
surrounded by ejecta deposits that exhibit albedo values
similar to fresh lunar highlands [Bell and Hawke, 1984].
Schultz and Spudis [1979] note that albedo contrasts
between impact melts and ejecta deposits decrease rapidly
with time, thus misidentification of impact melts as basaltic
dark halos should only be of concern for very young craters
[Antonenko et al., 1995]. Melts around the very young
craters will appear mature in optical maturity images [Hawke
et al., 2002]. The dark halo craters identified in Figure 3 do
not exhibit proximal impact melt deposits. Instead, dark
mafic material was excavated from beneath a higher-albedo
surface layer by the impacts.
[14] Dark halo impact craters were identified in all sectors

of the Lomonosov-Fleming region (Figure 3). The majority

Figure 6. (a) Image at 750 nm of the prominent dark halo crater near the center of the Lomonosov-
Fleming basin. This DHC is 8 km in diameter and is shown as crater 7 in Figure 3. The arrows indicate
the locations where spectra E and G were obtained. (b) FeO map of the crater 7 area. (c) TiO2 map of the
crater 7 area. (d) Optical maturity parameter image of the crater 7 area.
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of the dark-haloed impact craters are located within the L-F
basin. The most prominent DHC (diameter = 8 km) in the
region (crater 7 in Figures 3 and 6) lies just north of the
center of the basin. The highest density of DHCs is found in
the northeast quadrant of the basin interior, primarily in the
vicinity of Deutsch crater (diameter = 66 km) and in the
Nectarian and pre-Nectarian terra material immediately to
the west of Deutsch (Figures 2, 3, and 5). Two craters
(craters 4 and 5 in Figure 5) excavated low-albedo material
from beneath light plains deposits on the floor of Deutsch.
[15] Another concentration of DHCs occurs outside of the

basin, just southeast of Mare Marginis, in the southwestern
portion of the L-F region (craters 14, 15, 16, and 17 in
Figure 3). Also outside the basin is a group of DHCs
associated with Lobachevskiy crater (craters 12 and 13 in
Figure 3). Lobachevskiy is 85 km in diameter and is located
at 9.9�N 112.6�E.
3.1.2. Clementine Composition, Maturity, and Spectra
[16] The FeO and TiO2 maps (Figures 4b, 4c, 5b, 5c, 6b,

and 6c) produced from Clementine UV-VIS images were
used to determine the compositions of DHCs in the L-F
region. The average values for the least contaminated
portions of the dark halos are listed in Table 1 for the
17 craters shown in Figure 3. The FeO values range from
10.1% to 16.3%. These values approach those exhibited
by regoliths developed on typical nearside mare basalts

(15–21%) [Lucey et al., 1998, 2000a]. The same dark
halo impact craters have excavated material with TiO2

abundances of 0.4 to 4 wt% (see Table 1). The low end
of this range is close to the average highlands background
value. The high end of the TiO2 range (4 wt%) is higher
than that of any other known DHC ejecta deposit.
[17] At this point, we want to emphasize that Clementine

estimates of FeO and TiO2 values for basaltic surfaces are
lower than the values determine by laboratory analyses of
returned basaltic samples [e.g., Giguere et al., 2000]. This is
because the Clementine data record information about soils
which are a mixture of various rock types, rather than
samples of a single rock type. Korotev [1998] noted that
all soils from the maria are poorer in FeO and richer in
Al2O3 than the corresponding mare basalts, reflecting the
presence of highland material in the soils. Giguere et al.
[2000] noted that the regolith samples collected from
basaltic surfaces at the Apollo 11, 12, 15, and 17 landing
sites have lower TiO2 and FeO values than mare basalt
samples collected at the same site. The soil samples are
diluted with lower-TiO2 highland material, and the resultant
material has TiO2 values 10 to 32% lower than the rock
samples. It is important to bear in mind that the chemical
values determined for mare surfaces by remote sensing
techniques are for regoliths that may be contaminated by
varying amounts of highlands debris.
[18] Figure 4d shows the relative maturity of features in

the Lomonosov-Fleming region. Bright features are less
mature than dark features. The most prominent impact
crater visible in this image is Giordano Bruno (diameter =
22 km) which is located north of the L-F basin. Giordano
Bruno has a strong set of immature ejecta rays that extend
across the basin to the south. King crater (diameter = 77 km)
is located southeast of the L-F region (5.0�N, 120.5�E) and
exhibits immature rays that extend northwest well into the
confines of the basin (Figure 4d). The majority of dark halos

Figure 7. Five-point spectra obtained for features in the
Lomonosov-Fleming region using the Clementine UV-VIS
data set. Representative spectra (A, B, squares) are shown
for the ejecta deposits associated with two fresh impact
craters in the highlands north of the Lomonosov-Fleming
basin. A spectrum (F, stars) for the exterior deposit of a
relatively young impact crater in a mare deposit is
presented. Two spectra (E, G, triangles) are shown for
different portions of the dark ejecta of the prominent DHC
(crater 7 in Figures 3 and 6) in the center of the Lomonosov-
Fleming basin. Spectra (C, D, diamonds) are also shown for
two portions of the dark halo which surrounds crater 4
(Figures 3 and 5) on the floor of Deutsch crater.

Table 1. FeO and TiO2 Abundances for the Dark Halos of the

Craters Shown in Figure 3a

Crater
Number

Diameter,
km

Measured
FeO, wt %

Measured
TiO2, wt %

Percent Mare
Basaltb

Calculated
TiO2,

c wt %

1 10 13.7 ± 0.2 1.7 ± 0.1 69.3 2.3
2 5 13.9 ± 0.1 1.4 ± 0.1 70.7 1.9
3 18 11.8 ± 0.1 0.4 ± 0.2 55.7 0.5
4 3 13.3 ± 0.1 1.6 ± 0.1 66.4 2.3
5 2 12.6 ± 0.1 1.3 ± 0.0 61.4 1.9
6 2 10.8 ± 0.1 1.0 ± 0.1 48.6 1.7
7 8 15.8 ± 0.1 3.6 ± 0.2 84.3 4.2
8 12 12.3 ± 0.1 0.9 ± 0.1 59.3 1.3
9 2 13.4 ± 0.1 1.7 ± 0.1 67.1 2.4
10 3 12.7 ± 0.1 1.5 ± 0.1 62.1 2.2
11 27 11.3 ± 0.1 0.7 ± 0.1 52.1 1.1
12 13 12.0 ± 0.1 0.8 ± 0.0 57.1 1.2
13 4 10.1 ± 0.1 0.6 ± 0.0 43.6 1.0
14 19 13.5 ± 0.0 1.3 ± 0.0 67.9 1.8
15 11 13.2 ± 0.1 0.7 ± 0.0 65.7 0.9
16 10 14.6 ± 0.0 1.5 ± 0.1 75.7 1.9
17 6 16.3 ± 0.0 4.0 ± 0.5 87.9 4.5
aThese are the maximum values for the dark halos, and they were

obtained by averaging a 2 � 2 pixel matrix in the area of the highest
chemical concentration.

bThe percentage of mare basalt in the dark halo deposit was calculated
using assumptions and the method given in the text (section 3.4.2.1).

cThe concentration of TiO2 was calculated for the mare basalts excavated
by DHCs using the method described in the text (section 3.4.2.1).
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associated with the dark halo craters are not bright in this
image (Figure 4d) indicating that the halos are fully mature.
The low albedo of the dark halo craters is due to the
composition of the darker, high-iron, mare material that
has been excavated and become mature with age. Immature
debris is, however, commonly exposed on the interior walls
of these craters. The most prominent dark halo crater
(Table 1, crater 7) has an ejecta blanket that is less mature
than the background (Figure 6d). The halo on this crater has
not reached steady state maturity and will grow even darker
in time.
[19] Five-point spectra were acquired for fresh impact

craters in the Lomonosov-Fleming region in order to
investigate the mineralogy and lithology of a variety of
geologic units. A comparison of DHC spectra with those
obtained for fresh mare and highlands craters would allow
us to confirm that mare basalts were excavated by DHCs
and to assess the amount of contamination of DHCs by
highland debris. An analysis of five-point spectra obtained
for the ejecta deposits associated with several fresh impact
craters in the highlands to the north and northeast of the
Lomonosov-Fleming basin indicated that these craters
expose material dominated by noritic anorthosite or anor-
thositic norite. The two representative highland spectra
shown in Figure 7 (A and B) were obtained for immature
noritic anorthosite lithologies. A spectrum for the exterior
deposits of a relatively young impact crater in a mare region
is shown in Figure 7 (F). It exhibits a ‘‘1 mm’’ absorption
feature and the band shape indicates a mafic assemblage
dominated by high-Ca clinopyroxene.
[20] Four spectra were obtained for two dark halo craters

in the Lomonosov-Fleming basin. They were acquired for
the dark exterior deposits surrounding the craters, and are
shown in Figure 7 (C, D, E, and G). Two spectra (E and G)
were obtained for the prominent DHC near the center of the
L-F basin (crater 7 in Figures 3 and 6). These spectra have
relatively strong ‘‘1 mm’’ absorption bands that are centered
near 0.95 mm, which suggest the dominance of high-Ca
pyroxene. The spectra (E and G) are very similar to the
spectrum (F) collected for the fresh mare crater. The areas
for which all three spectra (E, F, and G) were obtained are
dominated by relatively immature mare basalt. Two addi-
tional spectra (C and D) were obtained for the dark halo of a
small DHC on the floor of Deutsch crater (crater 4 in
Figures 3 and 5). These spectra exhibit higher reflectance
values than those of crater 7. The spectra (C and D) have
moderately strong ‘‘1 mm’’ bands centered near 0.95 mm.
The portions of the dark halo for which these spectra were

obtained are composed of immature mare basalt contami-
nated with significant amounts of highlands debris.

3.2. Mare Basalt Deposits

[21] Mare basalt deposits are not common in the Lomo-
nosov-Fleming region but a few were identified and mapped
by Wilhelms and El-Baz [1977]. The mare units are con-
centrated in the northwestern portion of the L-F region
(Figures 2, 3, and 4a) and generally occur as floor deposits
in flooded craters. The eastern portion of Mare Marginis is
also located in the L-F region. Wilhelms and El-Baz [1977]
used stratigraphic relations and the density of small super-
posed craters to map two units of mare material in the
region, older (Im1) and younger (Im2). In the Lomonosov-
Fleming region, the younger Im2 unit is found only on the
interior of Lomonosov crater and in portions of eastern
Mare Marginis.
[22] In this study, we have used the FeO and TiO2 data as

well as relative albedo values to characterize the mare
deposits in the L-F region. The age, FeO, and TiO2 data
for mare basalt deposits in the L-F region are presented in
Table 2. The FeO and TiO2 values listed in Table 2 are the
maximum abundances exhibited for what appear to be the
least contaminated portions of each mare deposit. The FeO
values for the older Im1 deposits range from 11.9% to
14.2% These values are significantly lower than those
exhibited by soils developed on typical nearside basalts
(15–21%) in the major basins [e.g., Lucey et al., 1998,
2000a]. While it is possible that low-FeO magmas were
erupted in this part of the lunar surface, this is probably not
the case. The FeO distribution patterns on the mare deposit
surfaces (Figure 4b) indicate that contamination by low-FeO
highlands material derived from the surrounding terrain was
important in producing the depressed FeO values on the
surfaces of the mare ponds. The lateral transport of high-
lands material can easily contaminate a mare deposit with a
small spatial extent [Mustard et al., 1998; Li and Mustard,
2000]. The older Im1, deposits have lower FeO values
(12–14%) than those associated the younger Im2 mare
deposit in Lomonosov crater (�15%). The older deposits
have had more time to be contaminated by low-iron
highland debris. In addition, many of the mare deposits in
the L-F region are relatively thin, which promotes contam-
ination by vertical mixing processes [e.g., Rhodes, 1977].
[23] Finally, it should be noted that several contaminated

mare ponds in the L-F region exhibit relatively high albedos
and relatively low FeO values. These include Edison
(11.9% FeO) and Artamonov (12.9% FeO). With the

Table 2. Chemical Values and Ages Determined for Mare Deposits in the Lomonosov-Fleming Regiona

Name Latitude, �N Longitude, �E Diameter,b km Agec FeO wt% TiO2 wt%

Artamonov 25.5 103.5 60 Im1 12.6 2.5
Edison 25.0 99.1 62 Im1 11.9 1.5
Joliot 5.8 93.1 164 Im1 14.2 2.0
Lomonosov 27.3 98.0 84 Im2 15.4 3.6
Maxwell 30.2 98.9 107 Im1 12.9 1.9
Mare Marginis 13.3 86.1 Im1– Im2 15.0–17.0d 2.6–3.6d

aThe chemical abundances are peak values for each area and were derived by averaging a 2 � 2 pixel matrix around the area of
highest chemical concentration.

bThe diameter of the crater that contains the mare deposit.
cWilhelms and El-Baz [1977].
dRange of values determined by Gillis and Spudis [2000].
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passage of time, these mare surfaces will become even more
contaminated and exhibit even lower FeO abundances.

3.3. Dark Mantle Deposits

[24] Several dark mantle deposits (DMD) of probable
pyroclastic origin occur in the L-F region (Figure 4a).
Regional dark mantle deposits (RDMD) on the lunar
nearside (e.g., Aristarchus Plateau, Rima Bode) have been
described and characterized by several workers [e.g.,
Pieters et al., 1973; Adams et al., 1974; Zisk et al., 1977;
Gaddis et al., 1985]. The regional dark mantle deposits
exhibit very low albedos, have smooth surfaces, and blanket
and subdue subjacent terrain. The larger RDMD can cover
areas of 1000s of km2 and have maximum thicknesses of
several 10s of meters [Gaddis et al., 1985; Hawke et al.,
1990]. RDMDs are composed of pyroclastic glasses and
spheres emplaced by explosive volcanic eruptions. The
regional pyroclastic deposits are distinct from the small,
localized dark mantle deposits (LDMD) which surround
endogenic craters of the floors of such nearside craters as
Alphonsus, Franklin, Atlas, and J. Herschel [Head and
Wilson, 1979; Gaddis et al., 1985, 2000; Hawke et al.,
1989].
[25] Four dark mantle deposits of probably pyroclastic

origin were identified and mapped in the Lomonosov-
Fleming region (Figure 4a). These DMDs are characterized
by relatively low albedos (Figure 3) and moderately high
(11–14%) FeO abundances (Figure 4b). Caution should be
used when interpreting FeO values reported for lunar
pyroclastic deposits because the method developed by
Lucey et al. [1995, 1998, 2000a] is not calibrated for
estimating FeO abundances in all types of pyroclastic
debris. Dark material appears to be draped over rugged
subjacent terrain. While the DMDs in the L-F region are not
confined to small areas around endogenic craters like
LDMD, they are not as extensive or as dark as the RDMDs
on the lunar nearside. We suggest that the L-F DMDs were
originally relatively thin and have been contaminated by
impact mixing with the underlying highlands material. The
DMDs in the L-F region are located south of the mare unit
in Edison crater, northwest of Artamonov crater, inside and
northwest of Dziewulski crater, and southeast of Richardson
crater (Figure 4a).

3.4. Cryptomare in the Lomonosov-Fleming Region

[26] The Lomonosov-Fleming basin contains few surface
exposures of mare material. However, the large numbers of
dark halo impact craters within the basin (Figure 3) indicate
the presence of mare material below the surface. A hidden
mare deposit obscured by higher albedo material is referred
to as a ‘‘cryptomare’’ [Head and Wilson, 1992; Antonenko
et al., 1995].
3.4.1. Identification, Distribution, and Thicknesses
of Cryptomare Deposits
[27] Several workers have devised criteria for the identi-

fication of cryptomare [e.g., Schultz and Spudis, 1979;
Hawke and Spudis, 1980; Hawke et al., 1985; Antonenko
et al., 1995]. A classification of evidence for cryptomare
identification was presented by Antonenko et al. [1995]. The
major criteria are (1) the presence of dark-haloed impact
craters, (2) association with mafic geochemical anomalies,
and (3) the presence of a significant component of mare

basalt in the high albedo surface unit as determined by
spectral mixing analysis [Mustard et al., 1992; Head et al.,
1993; Blewett et al., 1995].
[28] We have used the location of dark-haloed impact

craters (Figure 3) as well as FeO and TiO2 maps (Figures 4b,
4c, 5b, 5c, 6b, and 6c) to determine the distribution of
cryptomare in the Lomonosov-Fleming region. Other evi-
dence included the identification of mare basalt outcrops on
crater walls and the occurrence of impact craters with partial
or faint dark haloes which exhibit enhanced FeO abundances.
Basalt layers in crater walls were identified on the basis of
their low albedo and enhanced FeO values (see arrow in
Figure 3). A map showing the distribution and extent of
cryptomare in the L-F region is presented as Figure 4a.
Strong evidence was required before a cryptomare was
mapped in Figure 4a. Hence it represents a fairly conser-
vative estimate of the total extent of cryptomare in the
region.
[29] Previous efforts to map cryptomare deposits on the

Moon have not indicated the exact location of the buried
mare units. In this study, we have used the criteria described
above to determine the actual sites of ancient basaltic
volcanism in the L-F region. Since a major goal of this
investigation was to determine the processes responsible for
the formation of the L-F light plains deposits, cryptomare
associated with light plains deposits are labeled CMa and
shown as yellow in Figure 4a. Cryptomare which occur
beneath all other highlands units are labeled CMb and
indicated by the color purple in Figure 4a. These other
highlands units are mantled and partly mantled terra mate-
rial (units It, Nt and NpNt of Wilhelms and El-Baz [1977])
and large crater ejecta deposits. It should be noted the
mantled and partly mantled terra material mapped by
Wilhelms and El-Baz [1977] does not exhibit a low albedo
and should not be confused with the dark mantle deposits of
probable pyroclastic origin discussed in previous sections.
[30] Buried mare deposits are most extensive within the

Lomonosov-Fleming basin. At least one third of the area in
the basin interior is mapped as cryptomare. The largest
deposit is correlated with light plains of Imbrian and
Nectarian age [Wilhelms and El-Baz, 1977] and begins just
west of the center of the basin, extends east almost to the
edge of the basin (CMa in Figure 4a). Many Nectarian and
pre-Nectarian craters within the basin contain cryptomare.
These include Deutsch, Fleming, and Hertz craters. Within
the L-F basin, cryptomare associated with light plains
units (CMa, yellow in Figure 4a) are much more extensive
than cryptomare covered by other units (CMb, purple in
Figure 4b). In the southern portion of the L-F region,
mare units were buried by the highlands-rich ejecta of
Lobachevskiy and Moiseev craters (CMb in Figure 4a).
[31] A major expanse of cryptomare is located in the

southwestern portion of the map area (Figure 4a). These
buried mare basalts are outside of the L-F basin and just
southeast of Mare Marginis. Most of the cryptomare depos-
its are associated with Imbrian and Nectarian plains but
some ancient mare basalts are covered by mantled and
partly mantled material of Imbrian and Nectarian age. These
eastern Marginis cryptomare deposits are a northern exten-
sion of the geochemically anomalous geologic province
northeast of Mare Smythii [Hawke and Spudis, 1980;
Hawke et al., 1985; Clark and Hawke,1991].
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[32] How thick are the cryptomare deposits in the Lomo-
nosov-Fleming region? The dark halo impact craters range
in diameter from 2 km to 27 km (Table 1). Most are less than
15 km in diameter. A conservative estimate of the maximum
depth of excavation lunar impact craters is 0.1 of the
diameter [Croft, 1980; Pike, 1977, 1980]. Hence most mare
basalts were excavated from depths of <1.5 km. However,
some mare material may have been derived from depths as
great as 2.7 km. Although the thickness of buried mare
deposits appears to be variable, ancient mare basalt flows
may be 2–3 km thick in some portions of the L-F region.
3.4.2. Compositions and Ages of Cryptomare Deposits
[33] Because the most ancient mare basalts were formed

by magmas generated by the earliest melting of the lunar
mantle, chemical data for crytomaria provide information
concerning the composition of these early partial melts.
Hence we have made a strong effort to determine the
compositions of the buried mare units in the L-F region.
We have investigated whether cryptomare deposits in the
region represent one or multiple basalt types and how these
compositions compare to those determined for nearside
mare deposits [e.g., Lucey et al., 1998, 2000a; Giguere et
al., 2000] as well as those elsewhere on the lunar east side
[Gillis and Spudis, 2000].
3.4.2.1. Compositions of Buried Mare Basalts
[34] We used the compositions of the dark-haloed impact

craters shown in Figure 3 to investigate the compositions of
the buried basalt. The chemical data for DHCs presented in
Table l must be used with caution because the dark halos are
contaminated by variable amounts of highlands debris. This
contamination occurred by impact mixing during the for-
mation of the crater or by vertical mixing or lateral transport
of highlands-rich material after the cratering event. Spectra
for two very fresh DHCs are shown in Figure 7 (C, D, E,
and G). Crater 7 (E and G in Figure 7) exhibits spectral
parameters (e.g., relatively strong absorption bands centered
near 0.95 mm) that indicate the dark halo is dominated by
mare basalt and only minor amounts of highland material
are present. In contrast, the halo of crater 4 (C and D in
Figure 7) contains significant amounts of highlands debris.
In both of these cases, the highlands material was derived
from the highlands-rich unit that covered the buried basalt
layer. Some of the other DHCs within the L-F basin are
much older (e.g., craters l, 2, 3, and 5 in Figure 5) and at
least some of the contamination is due to vertical mixing
and lateral transport from the surrounding terrain.
[35] In a first-order effort to correct for the effects of

highlands contamination, we have listed only the maximum
FeO and TiO2 values for each dark halo crater in Table 1.
These values should most closely approximate those of the
buried mare deposits. The FeO and TiO2 values range
between 10.1% and 16.3% FeO and from 0.4% to 4.0%
TiO2. The values for the DHCs within the Lomonosov-
Fleming basin suggested that several different mare compo-
sitions were exposed by DHCs inside of the L-F basin.
[36] In order to determine the actual compositions of

buried mare basalts in the L-F region, efforts were made
to correct for the effects of highlands contamination. We can
estimate the concentration of TiO2 in highlands-free cryp-
tomare material by assuming that the uncontaminated mare
basalt averages 18 wt% FeO and that the local highlands
average 4.0 wt% FeO. These values are based on measure-

ments of the FeO values exhibited by the ejecta deposits of
immature craters in the L-F region. Since these values were
obtained for immature soils, contamination should be min-
imal and the FeO should closely represent those of the
excavated rocks. This allows us to calculate the percentage
of mare material in the ejecta surrounding a dark halo crater.
In turn, by assuming an average TiO2 content in the high-
lands of 0.3 wt%, and knowing the amount of mare material
in the mixture from the FeO calculation, we can determine
the average TiO2 concentration of a given cryptomare
deposit. These calculated TiO2 abundances are listed in
Table 1. By varying the assumed amounts of FeO in pure
mare and in the highlands, and varying the amount of TiO2

in the highlands materials, we estimate that the uncertainty
in our calculations of cryptomare TiO2 abundances is about
20% of the amount present.
[37] A histogram of the calculated TiO2 values for the

buried mare basalts that were exposed by DHCs in the L-F
region is shown in Figure 8. Craters 3, 13, and 15 expose
buried mare basalts with calculated TiO2 abundances of
1.0% or less. Hence at least three deposits of VLT basalt
exist in the L-F region. Craters 7 and 17 expose mare
material with calculated TiO2 concentrations of 4.2% and
4.5%. Both the measured and calculated TiO2 values for
these DHCs (Table 1) indicate that intermediate TiO2 basalts
were emplaced in the L-F region. The TiO2 values deter-
mined for these two craters are higher than those of dark
halo impact craters which expose cryptomare elsewhere on
the Moon. In summary, a variety of mare compositions were
exposed by DHCs in the L-F region. While these compo-
sitions range from VLT basalts to intermediate TiO2 mare
basalts, most are low-TiO2 basalts. Since the accuracy of the
TiO2 mapping algorithm is �1% [Lucey et al., 1998,
2000a], it seems likely that the vast bulk of the buried mare
basalts in the L-F region are VLT or low-TiO2 basalts.
3.4.2.2. Compositions of Cryptomare Surfaces
[38] In order to better understand the processes responsi-

ble for the formation of cryptomare in the L-F region, the
compositions of the surfaces of the cryptomare deposits
were investigated. The cryptomare units mapped in Figure 4a
exhibit FeO values that range between 7 and 11%. The
higher values are generally associated with the DHCs
mapped in Figure 3. The L-F cryptomare surfaces have
TiO2 values that range from 0.5% to 1.5% (Figure 4c). The
higher TiO2 values (1.0% to 1.5%) are generally associated
with the buried mare basalts southeast of Mare Marginis.
Slightly lower TiO2 values (0.5% to l.0%) are typical of
cryptomare units within the L-F basin. On the basis of an
analysis of Mariner 10 multispectral images, Robinson et al.
[1992] noted slightly enhanced TiO2 values in the L-F
region. These FeO and TiO2 values are greater than the
average values (4.0% FeO and 0.3% TiO2) determined for
the background highlands material. Clearly, major amounts
of mare material were incorporated into the surface of the
cryptomare during the emplacement of the highlands mate-
rial that obscures the ancient mare basalt.
[39] An effort was made to estimate the amount of mare

material in the surfaces of the deposits that obscure the
ancient basaltic deposits. Calculations were made using the
techniques and assumptions described above. By assuming
that pure, uncontaminated buried mare basalt averages 18
wt% FeO and that the local highlands average 4.0 wt% FeO,
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we can calculate the percentage of mare material in the
regolith. The results indicate that the surfaces of the
cryptomare deposits contain 21% to 50% mare debris.
3.4.2.3. Ages of Buried Mare Units
[40] It is important to determine the ages of the buried

mare basalts in the L-F region. Most of the cryptomare on
the interior of the L-F basin are associated with light plain
deposits of Nectarian age. A smaller area of cryptomare is
covered by light plains of Imbrian age. However, craters 3
and 11 (Figure 3) excavated mare basalt from beneath
Nectarian-aged and pre-Nectarian-aged material of partly
mantled terra (NpNt [Wilhelms and El-Baz, 1977]). Crater 6
excavated mare material from the wall of the Nectarian age
crater. The evidence indicates that mare basalts were
emplaced in the Lomonosov-Fleming basin during Nectar-
ian time. Volcanism continued at a reduced rate during
Imbrian time before ending in the late Imbrian. Since mare
basalt was excavated from beneath a unit (NpNt) that is part
composed of pre-Nectarian material, it is possible that some
mare material was emplaced in the basin during the pre-
Nectarian period.
3.4.3. Processes Responsible for the Formation
of Cryptomaria
[41] There are several different processes that can lead to

the burial or obscuration of a mare deposit and subsequent
formation of a cryptomare [e.g., Schultz and Spudis, 1979;
Hawke and Bell, 1981; Hawke et al., 1985; Antonenko et al.,
1995]. The first is the Copernicus-type in which an impact
crater covers a mare unit with highlands-rich primary ejecta.
The second is the Balmer-type crytomare which involves the
contamination of a mare surface with highlands debris
contributed by nearby craters. The third type involves the
burial of ancient mare basalts by the proximal ejecta of large
impact basins. The fourth type involves the obscuration of
mare deposits by the distal deposits of impact basins.
Examples of three of the four processes can be identified
in the Lomonosov-Fleming region.
3.4.3.1. Copernicus-Type Cryptomare
[42] At Copernicus crater, highlands-rich, continuous

ejecta covers underlying mare material, the existence of

which has been confirmed by the presence of dark-haloed
craters whose spectra clearly indicate that basaltic material
has been excavated [Pieters, 1977; Hawke and Bell, 1981;
Bell and Hawke, 1984; Pieters et al., 1985]. The presence of
dark halo impact craters on the ejecta blankets of Theophi-
lus, Langrenus, Maunder, and other large impact structures
demonstrates that mare deposits are buried by their contin-
uous ejecta deposits. Cryptomare that were formed by the
burial of mare basalts by the thick continuous deposits of a
single, proximal impact crater are termed Copernicus-type
cryptomare because the relationship was first conclusively
demonstrated at Copernicus crater. It should be noted that
the term ‘‘Copernicus-type’’ has no age connotation and
only refers to the mechanism of cryptomare formation.
However, most Copernicus-type cryptomare do not have
ages >3.8 Ga and are not the products of the earliest
volcanic eruptions on the Moon.
[43] In the Lomonosov-Fleming region, Copernicus-type

cryptomare deposits are associated with Lobachevskiy and
Moiseev craters (Figure 4a). Lobachevskiy is an Imbrian-
aged crater with a diameter of 85 km. Two dark halo impact
craters (craters 12 and 13, Figure 3) excavate mare basalt
from beneath the Lobachevskiy ejecta deposits. Since mare
material can be identified on the inner wall of Lobachevskiy
(see Figure 3), a basalt deposit was also present in at least a
portion of the pre-impact target site.
3.4.3.2. Balmer-Type Cryptomare
[44] At greater distances from an impact crater, mare

basalt units may still be obscured by the compound effects
of discontinuous, distal ejecta deposits of several nearby
impact craters [Antonenko et al., 1995; Hartmann and
Wood, 1971]. Such a situation was identified by Hawke
and Spudis [1980] and Hawke et al. [1985] in the Balmer
basin region. They noted that the light plains units within
the basin are surrounded (within 250 km) by five major
impact structures (Petavius, Langrenus, Humboldt, Ansgar-
ius, and La Perouse) which range from Copernican to early
Imbrian in age. Calculations based on ejecta distribution
equations [McGetchin et al., 1973] as well as the presence
of secondary crater chains and clusters and rays indicate that
these impacts contributed significant amounts of highlands
material to the Balmer plains units. The net result of the
nearby impacts was the production of a thin surface layer
enriched with variable amounts of highlands debris. Such a
surface would exhibit a higher albedo than an uncontami-
nated regolith developed on mare basalt [see Hartmann and
Wood, 1971; Hawke et al., 1985] and would appear to be a
light plains unit. Dark halo impact craters were developed
on the surface of the Balmer light plains by the excavation,
emplacement, and maturation of pure mare basalt. Crypto-
mare that were formed by the contamination of mare
surfaces by highlands-rich distal crater ejecta are termed
Balmer-type because this process of cryptomare formation
was first demonstrated in the Balmer basin region. It should
be noted that Balmer-type cryptomare are usually associated
with light plains units.
[45] Balmer-type cryptomare have been identified in the

L-F region. The light plains units associated with crypto-
mare east of Mare Marginis (Figure 4a) are Balmer-type.
Early mare basalt deposits in this area were subsequently
contaminated by highlands material contributed by a num-
ber of later impact events [Hawke et al., 1985; Gillis and

Figure 8. Histogram of the calculated TiO2 values for the
buried mare basalts that are exposed by DHCs in the
Lomonosov-Fleming region (Table 1). A variety of mare
compositions were emplaced in the region. While these
compositions range from VLT basalts to intermediate TiO2

mare basalts, most are low-TiO2 basalts.
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Spudis, 2000] As noted in a previous section, several of the
small mare ponds in the L-F region are heavily contaminated
with highlands debris. These mare deposits will become
cryptomare with the passage of time. In fact, a small mare
pond immediately west of Edison crater (Figure 2) was
mapped as a light plains units by Wilhelms and El-Baz
[1977] but is revealed as a mare deposit in Clementine
images. This pond is in transition between a highlands-
contaminated mare surface and a light plains deposit that
exhibits certain mare characteristics.
3.4.3.3. Proximal Basin Ejecta-Type Cryptomare
[46] Antonenko et al. [1995] noted that when a crypto-

mare is located close to a major impact basin, the ancient
mare unit will be covered by a primary ejecta deposit that is
thick and continuous. These cryptomare are of the proximal
basin ejecta-type. In proximal cryptomare deposits, local
mixing by secondary impacts [Oberbeck et al., 1974;
Oberbeck, 1975] will not be an important process and the
spectral signature of the buried mare will be swamped by
primary basin ejecta. Hence the presence of these buried
basalts is difficult to detect. The identification of cryptomare
deposits buried by proximal basin ejecta depends on the
presence of dark-haloed impact craters. No proximal basin
ejecta-type cryptomare have been identified in the L-F
region.
3.4.3.4. Distal Basin Ejecta-Type Cryptomare
[47] When the buried mare basalts are somewhat removed

from a major impact basin, the ejecta deposit will be thinner
[Antonenko et al., 1995]. Also at greater distances from an
impact basin, a larger percentage of local material will be
incorporated into the resulting deposit by secondary crater-
ing processes [e.g., Oberbeck et al., 1974, 1975a, 1975b;
Oberbeck, 1975; Morrison and Oberbeck, 1975]. In the
model of Oberbeck and coworkers, which has been termed
the ballistic erosion and sedimentation or local mixing
hypothesis, the velocity component of the secondary crater
ejecta radial to the primary gives rise to a debris surge
which moves outward behind the ejecta curtain. At great
distances from the impact basin, the mass ejected from the
secondary craters can exceed the mass of the primary ejecta
projectiles that formed them. Thus the debris surge entrains
material of both primary and local origin, with local
material dominating the distal deposits. The combined
effects of a thin ejecta deposit and a large percentage of
incorporated local material allow the chemical and spectral
signature of the cryptomare to be preserved [e.g., Antonenko
et al., 1995; Blewett et al., 1995]. Extensive evidence for the
existence of a distal basin ejecta-type cryptomare in the
Schiller-Schickard region of the Moon has been presented
by several workers [e.g., Schultz and Spudis, 1979; Hawke
and Bell, 1981; Mustard et al., 1992; Head et al., 1993;
Blewett et al., 1995; Antonenko and Yingst, 2002].
[48] A variety of evidence strongly indicates that almost

all of the cryptomare on the interior of Lomonosov-Fleming
basin is of the distal basin ejecta–type [Giguere et al., 1998,
2001]. There are no nearby impact basins that could have
buried the L-F cryptomare with primary ejecta. However,
the cryptomare do occur near the outer boundaries of the
distal ejecta deposits of the Nectarian-aged Crisium and
Humboldtianum basins (see plates 3 and 7 of Wilhelms
[1987]). The enhanced FeO and TiO2 abundances exhibited
by the cryptomare surfaces (Figure 4) suggest that ballistic

erosion and sedimentation played an important role in their
formation.
[49] Wilhelms [1987] noted that secondary crater chains

that appear to be radial to the Imbrium basin have been
identified in the region [Wilhelms and El-Baz, 1977] and
suggested that both the Imbrium and Orientale basins
contributed ejecta to the region. The three possible Imbrium
secondary chains are widely separated in the region and
Imbrium is centered at a distance of 3000 km on the lunar
nearside. Even if Imbrium and Orientale ejecta deposits are
responsible for the formation of Imbrian-aged light plains in
the L-F region, they could not account for the burial of the
mare basalts that are covered by Nectarian-aged light plains
deposits and other Nectarian-aged units. The majority of the
cryptomare on the interior of the L-F basin (Figure 4a)
covered by Nectarian-aged material [Wilhelms and El-Baz,
1977].
[50] As discussed above, the L-F cryptomare are located

near the outer boundaries of the distal ejecta deposits of the
Nectarian-aged Crisium and Humboldtianum basins. Cri-
sium is centered west of the L-F basin and its most
conspicuous ring is 500 km in diameter (Figure 1). Hum-
boldtianum is located 600 km northwest of L-F and has a
main ring diameter of 600 km. Extensive Nectarian-aged
plains and mantles surround the lineated ejecta blanket of
Humboldtianum basin and probably represent distal Hum-
boldtianum ejecta [Wilhelms and El-Baz, 1977]. The prox-
imity of the mapped lineated Humboldtianum ejecta unit as
well as presence of probable Humboldtianum basin second-
aries on the interior of the L-F basin suggest that Humbold-
tianum played an important role in the burial of preexisting
mare basalt deposits.
[51] Finally, it should be noted that most of the crypto-

mare in the Lomonosov-Fleming region are associated with
light plains units (Figure 4a). The existence of flat expanses
of mare terrain should facilitate the formation of light plains
deposits by debris surges produced by the impact of
secondary-forming projectiles ejected by large impacts.
The results of a variety of remote sensing and geologic
studies of the L-F region indicate that the occurrence of
Nectarian-aged mare basalt deposits played an important
role in the formation of light plains in this portion of the
lunar surface.

4. Conclusions

[52] l. Mare basalt units in the Lomonosov-Fleming
region are small and appear to have been contaminated by
varying amounts of highlands material. The maximum FeO
values range between 11.9 wt% and 15.4 wt%. Maximum
TiO2 values range between 1.5 wt% and 3.6 wt%. With the
passage to time, additional contamination of some of the
these deposits (e.g., Edison and Artomonov) may produce
cryptomare.
[53] 2. Several deposits of dark mantle material of prob-

able pyroclastic origin were identified and mapped in the
L-F region. This relatively low-albedo material mantles and
subdues subjacent terrain. These deposits are most likely
to be pyroclastic debris emplaced by explosive volcanic
eruptions.
[54] 3. Dark halo craters in the L-F region are of impact

origin. Both chemical and spectral data indicate that ancient
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mare basalts were excavated by these DHCs. Since mare
materials were excavated from beneath higher-albedo high-
lands-rich surface units, a major expanse of cryptomare
exists in and around the Lomonosov-Fleming basin.
[55] 4. The mare basalts exposed by DHCs in the L-F

region have been contaminated by varying amounts of
highlands debris. After correction for highlands contamina-
tion, it was determined that the ancient basalts in the L-F
region exhibit a variety of compositions. While these range
from very low TiO2 to intermediate-TiO2 mare basalts, most
are low-TiO2 basalts. This suggests that a variety of magma
source regions were tapped. The earliest mare basalts
emplaced in the L-F region are not titanium-rich.
[56] 5. Most cryptomare occur beneath surfaces that

range in age from Imbrian to Nectarian. Nectarian-aged
units with subjacent crytomare are much more extensive
than Imbrian-aged deposits with underlying cryptomare. It
is possible that at least some of the buried mare basalts in
the L-F region were emplaced during pre-Nectarian time.
[57] 6. Volcanism in the L-F region appears to have

peaked in the Nectarian period. Smaller amounts of mare
material were erupted in Imbrian time.
[58] 7. Cryptomare in the Lomonosov-Fleming region

were formed by covering ancient mare surfaces with vary-
ing thicknesses of highland debris. Both impact basins and
craters played a role by transporting highlands material to
mare surfaces. While both Copernicus-type and Balmer-
type cryptomare exist in the L-F region, a variety of
evidence indicates that most of the cryptomare units inside
the Lomonosov-Fleming basin are of the distal basin ejecta-
type. These cryptomare deposits are located near the outer
boundaries of the distal ejecta deposits of the Nectarian-
aged Crisium and Humboldtianum basins.
[59] 8. The enhanced FeO and TiO2 abundances

exhibited by cryptomare surfaces indicate that major
amounts of mare material were incorporated into the surfa-
ces of the cryptomare deposits during the emplacement of
the highlands debris that obscures the ancient mare basalts.
Calculations indicate that the surfaces of the cryptomare
deposits contain 21% to 50% mare debris. The high
abundances of local mare basalt in the cryptomare surfaces
indicate that ballistic erosion and sedimentation played an
important role in their formation.
[60] 9. Most of the cryptomare in the Lomonosov-Flem-

ing region are associated with light plains deposits. The
existence of flat expanses of mare terrain facilitated the
formation of light plains units by debris surges produced by
the impact of secondary-forming projectiles ejected by
basin-forming impacts.

[61] Acknowledgments. The authors would like to thank Jeff Gillis
and an anonymous reviewer for comments that have improved the paper’s
clarity and accuracy. This research was supported by the NASA Planetary
Geology and Geophysics Program and the Cosmochemistry Program. This
is HIGP publication No. 1289 and SOEST contribution 6176.

References
Adams, J. B., C. M. Pieters, and T. B. McCord, Orange glass: Evidence for
regional deposits of pyroclastic origin on the Moon, Proc. Lunar Sci.
Conf., 5th, 453–464, 1974.

Antonenko, I., and R. A. Yingst, Mare and cryptomare deposits in the
Schickard region of the Moon: New measurements using Clementine
FeO data, Lunar Planet. Sci. [CD-ROM], XXXIII, abstract 1438,
2002.

Antonenko, I., J. W. Head, J. F. Mustard, and B. R. Hawke, Criteria for the
detection of lunar cryptomaria, Earth Moon Planets, 69, 141–172, 1995.

Bell, J. F., and B. R. Hawke, Lunar dark-haloed impact craters: Origin and
implications for early mare volcanism, J. Geophys. Res., 89, 6899–6910,
1984.

Blewett, D. T., and B. R. Hawke, Remote sensing and geological studies of
the Hadley-Apennine region of the Moon, Meteorit. Planet. Sci., 36,
701–730, 2001.

Blewett, D. T., B. R. Hawke, P. G. Lucey, G. J. Taylor, R. Jaumann, and
P.D. Spudis, Remote sensing and geologic studies of the Schiller-Schickard
region of the Moon, J. Geophys. Res., 100, 16,959–16,977, 1995.

Blewett, D. T., P. G. Lucey, B. R. Hawke, and B. L. Jolliff, Clementine
images of the sample-return stations: Refinement of FeO and TiO2 map-
ping techniques, J. Geophys. Res., 102, 16,319–16,325, 1997.

Clark, P. E., and B. R. Hawke, The lunar farside—The nature of highlands
east of Mare Smythii, Earth Moon Planets, 53, 93–107, 1991.

Croft, S. K., Cratering flow fields: Implications for the excavation and
transient expansion stages of crater formation, Proc. Lunar Planet. Sci.
Conf., 11th, 2347–2378, 1980.

Eliason, E. M., et al., Digital processing for a global multispectral map of
the Moon from the Clementine UV-VIS imaging instrument, Lunar
Planet. Sci. [CD-ROM], XXX, abstract 1933, 1999.

Gaddis, L. R., C. M. Pieters, and B. R. Hawke, Remote sensing of lunar
pyroclastic mantling deposits, Icarus, 61, 461–489, 1985.

Gaddis, L. R., B. R. Hawke, M. S. Robinson, and C. Coombs, Composi-
tional analyses of small lunar pyroclastic deposits using Clementine mul-
tispectral data, J. Geophys. Res., 105, 4245–4262, 2000.

Giguere, T. A., B. R. Hawke, G. J. Taylor, and P. G. Lucey, Geochemical
studies of lunar cryptomare, Lunar Planet. Sci. [CD-ROM], XXIX,
abstract 1782, 1998.

Giguere, T. A., G. J. Taylor, B. R. Hawke, and P. G. Lucey, The titanium
contents of lunar mare basalts,Meteorit. Planet. Sci., 35, 193–200, 2000.

Giguere, T. A., B. R.Hawke,D. T. Blewett, G. J. Taylor, P. G. Lucey, and P. D.
Spudis, Geochemical studies of the Lomonosov-Fleming region of the
lunar farside, Lunar Planet. Sci. [CD-ROM], XXXII, abstract 1516, 2001.

Gillis, J. J., and P. D. Spudis, Geology of the Smythii and Marginis region
of the Moon: Using integrated remotely sensed data, J. Geophys. Res.,
105, 4217–4233, 2000.

Haines, E. L., M. I. Etchegaray-Ramireez, and A. E. Metzger, Thorium
concentrations in the lunar surface. II: Deconvolution modeling and its
application to the regions of Aristarchus and Mare Smythii, Proc. Lunar
Sci. Conf., 9th, 2985–3013, 1978.

Hapke, B., Space weathering from Mercury to the asteroid belt, J. Geophys.
Res., 106, 10,039–10,073, 2001.

Hartmann, W. K., and C. A. Wood, Moon: Origin and evolution of multir-
ing basins, Moon, 3, 3–78, 1971.

Hawke, B. R., and J. F. Bell, Remote sensing studies of lunar dark-halo
impact craters: Preliminary results and implications for early volcanism,
Proc. Lunar Planet. Sci. Conf., 12th, 665–678, 1981.

Hawke, B. R., and J. W. Head, Impact melt on lunar crater rims, in Impact
and Explosion Cratering, edited by D. J. Roddy, R. O. Pepin, and R. B.
Merrill, pp. 815–841, Pergamon, New York, 1977.

Hawke, B. R., and P. D. Spudis, Geochemical anomalies on the eastern limb
and far side of the Moon, in Proceedings of the Conference on Lunar
Highlands Crust, edited by J. J. Papike and R. B. Merrill, pp. 467–481,
Pergamon, New York, 1980.

Hawke, B. R., D. MacLaskey, and T. B. McCord, Multispectral imaging of
lunar crater deposits, in Papers Presented to the Conference on the Lunar
Highlands Crust, pp. 50–52, Lunar and Planet. Inst., Houston, Tex.,
1979.

Hawke, B. R., P. D. Spudis, and P. E. Clark, The origin of selected lunar
geochemical anomalies: Implications for early volcanism and the forma-
tion of light plains, Earth Moon Planets, 32, 257–273, 1985.

Hawke, B. R., C. R. Coombs, L. R. Gaddis, P. G. Lucey, and P. D.
Owensby, Remote sensing and geologic studies of localized dark mantle
deposits on the Moon, Proc. Lunar Planet. Sci. Conf., 19th, 255–268,
1989.

Hawke, B. R., C. R. Coombs, and B. Clark, Ilmenite-rich pyroclastic
deposits: An ideal lunar resources, Proc. Lunar Planet. Sci. Conf.,
20th, 249–258, 1990.

Hawke, B. R., T. A. Giguere, D. T. Blewett, P. G. Lucey, G. A. Smith, G. J.
Taylor, and P. D. Spudis, Igneous activity in the southern highlands of the
Moon, J. Geophys. Res., 107(E12), 5122, doi:10.1029/2000JE001494,
2002.

Hawke, B. R., D. T. Blewett, D. B. J. Bussey, T. A. Giguere, D. J. Lawrence,
P. G. Lucey, G. A. Smith, P. D. Spudis, and G. J. Taylor, Geochemical
anomalies in the lunar highlands, Lunar Planet. Sci. [CD-ROM], XXXIV,
abstract 1198, 2003.

Head, J. W., III, Lunar volcanism in space and time, Rev. Geophys., 14(2),
265–300, 1976.

GIGUERE ET AL.: LOMONOSOV-FLEMING REGION REMOTE SENSING STUDIES 4 - 13



Head, J. W., and L. Wilson, Alphonsus-type dark-halo craters: Morphology,
morphometry and eruption conditions, Proc. Lunar Planet. Sci. Conf.,
10th, 2861–2897, 1979.

Head, J. W., and L. Wilson, Lunar mare volcanism: Stratigraphy, eruption
conditions, and the evolution of secondary crusts, Geochim. Cosmochim.
Acta, 56, 2144–2175, 1992.

Head, J. W., S. Murchie, J. F. Mustard, C. M. Pieters, G. Neukum,
A. McEwen, R. Greeley, E. Nagel, and M. J. Belton, Lunar impact
basins: New data for the western limb and far side (Orientale and South
Pole-Aitken basins) from the first Galileo flyby, J. Geophys. Res., 98,
17,149–17,181, 1993.

Howard, K. A., and H. G. Wilshire, Flows of impact melt at lunar craters,
J. Res. U.S. Geol. Surv., 3, 237–251, 1975.

Isbell, C. E., et al., Clementine: A multispectral digital image archive of the
Moon, Lunar Planet. Sci. [CD-ROM], XXX, abstract 1812, 1999.

Jolliff, B. L., Clementine UVVIS multispectral data and the Apollo 17
landing site: What can we tell and how well?, J. Geophys. Res., 104,
14,123–14,148, 1999.

Korotev, R. L., Concentrations of radioactive elements in lunar materials,
J. Geophys. Res., 103, 1691–1701, 1998.

Li, L., and J. F. Mustard, Compositional gradients across mare-highland
contacts: Importance and geological implication of lateral transport,
J. Geophys. Res., 105, 20,431–20,450, 2000.

Lucey, P. G., G. J. Taylor, and E. Malaret, Abundance and distribution of
iron on the Moon, Science, 268, 1150–1153, 1995.

Lucey, P. G., D. T. Blewett, and B. R. Hawke, Mapping the FeO and TiO2

content of the lunar surface with multispectral imagery, J. Geophys. Res.,
103, 3679–3699, 1998.

Lucey, P. G., D. T. Blewett, and B. L. Jolliff, Lunar iron and titanium
abundance algorithms based on final processing of Clementine ultravio-
let-visible data, J. Geophys. Res., 105, 20,297–20,305, 2000a.

Lucey, P. G., D. T. Blewett, G. J. Taylor, and B. R. Hawke, Imaging of lunar
surface maturity, J. Geophys. Res., 105, 20,377–20,386, 2000b.

McGetchin, T. R., M. Settle, and J. W. Head, Radial thickness variations in
impact crater ejecta: Implications for lunar basin deposits, Earth Planet.
Sci. Lett., 20, 226–236, 1973.

Morrison, R. H., and V. R. Oberbeck, Geomorphology of crater and basin
deposits: Emplacement of the Fra Mauro formation, Proc. Lunar Sci.
Conf., 6th, 2503–2530, 1975.

Mustard, J. F., J. W. Head, S. M. Murchie, C. M. Pieters, M. S. Belton, and
A. S. McEwen, Schickard Cryptomare: Interaction between Orientale
ejecta and pre-basin mare from spectral mixture analysis of Galileo SSI
data, Lunar Planet. Sci., XXIII, 957–958, 1992.

Mustard, J. F., L. Li, and G. He, Nonlinear spectral mixture modeling of
lunar multispectral data: Implications for lateral transport, J. Geophys.
Res., 103, 19,419–19,425, 1998.

Nozette, S., et al., The Clementine mission to the Moon: Scientific over-
view, Science, 266, 1835–1839, 1994.

Oberbeck, V. R., The role of ballistic erosion and sedimentation in lunar
stratigraphy, Rev. Geophys., 13(2), 337–362, 1975.

Oberbeck, V. R., R. H. Morrison, F. Hörz, W. L. Quaide, and D. E. Gault,
Smooth plains and continuous deposits of craters and basins, Proc. Lunar
Sci. Conf., 5th, 111–136, 1974.

Oberbeck, V. R., F. Hörz, R. H. Morrison, W. L. Quaide, and D. E. Gault,
On the origin of the lunar smooth-plains, Moon, 12, 19–54, 1975a.

Oberbeck, V. R., R. H. Morrison, and F. Hörz, Transport and emplacement
of crater and basin deposits, Moon, 13, 9–26, 1975b.

Pieters, C. M., Characterization of lunar mare basalt types II: Spectral
classification of fresh mare craters, Proc. Lunar Sci. Conf., 8th, 1037–
1048, 1977.

Pieters, C. M., T. B. McCord, S. Zisk, and J. B. Adams, Lunar black spots
and the nature of the Apollo 17 landing area, J. Geophys. Res., 78, 5867–
5875, 1973.

Pieters, C. M., J. B. Adams, P. J. Mouginis-Mark, S. H. Zisk, M. O. Smith,
J. W. Head, and T. B. McCord, The nature of crater rays: The Copernicus
example, J. Geophys. Res., 90, 12,393–12,413, 1985.

Pieters, C. M., J. W. Head III, L. Gaddis, B. Jolliff, and M. Duke, Rock
types of South Pole-Aitken basin and extent of basaltic volcanism,
J. Geophys. Res., 106, 28,001–28,022, 2001.

Pike, R. J., Size-dependence in the shape of fresh impact craters on the
Moon, in Impact and Explosion Cratering, edited by D. J. Roddy, R. O.
Pepin, and R. B. Merrill, pp. 489–509, Pergamon, New York, 1977.

Pike, R. J., Geometric interpretation of lunar craters, U.S. Geol. Surv. Prof.
Pap., 1046-C, 1980.

Rhodes, M., Some compositional aspects of lunar regolith evolution,
Philos. Trans. R. Soc. London, Ser. A, 285, 293–301, 1977.

Robinson, M. S., B. R. Hawke, P. G. Lucey, and G. A. Smith, Mariner 10
multispectral images of the eastern limb and farside of the Moon,
J. Geophys. Res., 97, 18,265–18,274, 1992.

Robinson, M. S., A. S. McEwen, E. Eliason, E. M. Lee, E. Malaret,
and P. G. Lucey, Clementine UV-VIS global mosaic: A new tool for
understanding the lunar crust, Lunar Planet. Sci. [CD-ROM], XXX,
abstract 1931, 1999.

Schultz, P. H., and P. D. Spudis, Evidence for ancient mare volcanism,
Proc. Lunar Planet. Sci. Conf., 10th, 2899–2918, 1979.

Schultz, P. H., and P. D. Spudis, The beginning and end of lunar mare
volcanism, Nature, 302, 233–236, 1983.

Smrekar, S., and C. M. Pieters, Near-infrared spectroscopy of probable
impact melt from three large lunar highland craters, Icarus, 63, 442–
452, 1985.

Soderblom, L. A., and L. A. Lebofsky, Technique for rapid determination of
relative ages of lunar areas from orbital photography, J. Geophys. Res.,
77, 279–296, 1972.

Soderblom, L. A., J. R. Arnold, J. M. Boyce, and R. P. Liu, Regional
variations in the lunar maria: Age, remnant magnetism and chemistry,
Proc. Lunar Sci. Conf., 8th, 1191–1199, 1977.

Spudis, P. D., Inventory of multiring basins on the Moon after the Clem-
entine mission (abstract), Meteoritics, 30, 582, 1995.

Tompkins, S., and C. M. Pieters, Mineralogy of the lunar crust: Results
from Clementine, Meteorit. Planet. Sci., 34, 25–41, 1999.

Wilhelms, D. E., The geologic history of the Moon, U.S. Geol. Surv. Prof.
Pap., 1348, 1987.

Wilhelms, D. E., and F. El-Baz, Geologic map of the east side of the Moon,
U.S. Geol. Surv. Misc. Geol. Invest. Map., 1–948, 1977.

Zisk, S. H., C. A. Hodges, H. J. Moore, R. W. Shorthill, T. W. Thompson,
E. A. Whitaker, and D. E. Wilhelms, The Aristarchus-Harbinger region of
the Moon: Surface geology and history from recent remote-sensing
observations, Moon, 17, 59–99, 1977.

�����������������������
D. T. Blewett, NovaSol, 1100 Alakea Street, 23rd Floor, Honolulu, HI

96813, USA. (dave@nova-sol.com)
D. B. J. Bussey and P. D. Spudis, Applied Physics Laboratory, The Johns

Hopkins University, 11100 Johns Hopkins Road, Laurel, MD 20723, USA.
(benbussey@jhuapl.edu; paul.spudis@jhuapl.edu)
T. A. Giguere, B. R. Hawke, P. G. Lucey, G. A. Smith, and G. J. Taylor,

Hawaii Institute of Geophysics and Planetology, University of Hawaii,
2525 Correa Road, Honolulu, HI 96822, USA. (tagiguer@ingr.com;
hawke@higp.hawaii.edu; lucey@higp.hawaii.edu; gsmith@higp.hawaii.
edu; gjtaylor@higp.hawaii.edu)

4 - 14 GIGUERE ET AL.: LOMONOSOV-FLEMING REGION REMOTE SENSING STUDIES


