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Abstract 

The long wavelength topography of Mare Serenitatis was analyzed using topographic data obtained by the Clementine laser ranging 
instrument (LIDAR). The topography shows that the lowest elevations in the mare surface occur near the margins of the basin. The present 
mare surface reflects a long period of volcanism, subsidence, and deformation. Subsidence is generally attributed to a Gaussian-shaped, 
superisostatic load from the mare basalts that results in flexure of the lunar lithosphere. Gravity data from Lunar Prospector suggest that 
the basalt sequence in the interior of Serenitatis is generally uniform in thickness and thins rapidly at the margins. This suggests that the 
topographic lows in the basin do not coincide with areas where the mare basalts are thick but rather occur where the basalts thin. The 
topographic lows also do not appear to coincide with accumulations of the youngest mare basalt units. The long wavelength topography of 
Mare Serenitatis may reflect subsidence influenced by pre-mare basalt basin topography and preexisting zones of lithospheric weakness. 
@ 2001 Elsevier Science Ltd. All rights reserved. 

1. Introduction 

Mare Serenitatis is one of the largest and most circular 
maria on the Moon (Fig. 1). It is approximately 600 km 
in diameter and has a ring structure that may extend out 
to 880 km (see Solomon and Head, 1979, Fig. 2). Based 
on its degraded appearance, the Serenitatis basin is thought 
by some to be one of the oldest on the Moon (Wilhelms, 
1987). However, radiometric ages of Apollo 17 samples 
suggest that it is a young basin (Staudacher et al., 1978). 
The mare basalts that subsequently flooded the Serenitatis 
basin are dominated by two tectonic landforms, mare ridges 
(or wrinkle ridges) and arcuate rilles. Mare ridges are found 
in nearly all lunar maria and typically occur both radial to 
and concentric with the centers of circular mare filled basins 
(Strom, 1972; Bryan, 1973; Maxwell et al., 1975). They 
are generally thought to be compressional features (Bryan, 
1973; Howard and Muehlberger, 1973; Muehlberger, 1974; 
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Maxwell et al., 1975; Lucchitta, 1976, 1977; Maxwell and 
Phillips, 1978; Sharpton and Head, 1982, 1988) resulting 
from a combination of folding and thrust faulting (Ples- 
cia and Golombek, 1986; Watters, 1988; Golombek et al., 
199 1 ; Watters, 1991 ; Watters and Robinson, 1997; Schultz, 
2000). Arcuate rilles are linear to arcuate troughs with flat 
floors and steep walls (see Wilhelms, 1987). These troughs 
are interpreted to be graben formed by extensional stresses 
(Baldwin, 1963; McGill, 197 1 ; Golombek, 1979). Lunar 
graben have a simple geometry and often occur in paral- 
lel or echelon sets, concentric to circular maria (Golombek, 
1979; Wilhelms, 1987). Most lunar graben are located along 
basin rims and cut both mare and basin material (Wilhelms, 
1987). 

The origin of the stresses that formed the mare ridges 
and arcuate graben associated with mascon maria is gen- 
erally thought to be due to subsidence of the mare basalts 
(Bryan, 1973; Maxwell et al., 1975; Lucchitta, 1976, 1977; 
Maxwell, 1978), although global contraction or a combi- 
nation of subsidence and global contraction have also been 
suggested (Muehlberger, 1974; Solomon and Head, 1978). 
In an effort to evaluate the pattern and nature of subsidence 
of the mare surface, the long wavelength topography of Mare 
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Fig. 1. Shaded relief map of Mare Serenitatis. Mare Serenitatis is about 
600 km in diameter and a prominent system of wrinkle ridges dominate 
the mare surface. The vertical lines are the locations of LIDAR profiles, 
those lines coded by color indicate the locations of profiles shown in 
Fig. 2. 

Serenitatis is analyzed using topographic data obtained by 
the laser ranging instrument (LIDAR) flown on the Clemen- 
tine spacecraft. The characteristics of the mare fill and the 
subsurface structure of Mare Serenitatis is also inferred from 
Lunar Prospector gravity data. 

2. Observations 

2.1. Topography 

The LIDAR instrument has provided a wealth of new 
topographic data for the Moon between 75"s and 75"N 
latitude (see Nozette et al., 1994). Clementine's polar or- 
bit provided altimetry data along north-south orbital tracks 
(roughly along lines of longitude) spaced by approximately 
2.5" at the equator (Zuber et al., 1994; also see Spudis 
et al., 1994). Overlapping coverage exists for some areas 
providing profiles that are spaced by only a few tenths of a 
degree. The laser had a surface spot size of N 200 m at the 
minimum spacecraft altitude, and an along track shot spac- 
ing, assuming a 100% laser ranging probability, of N 20 km 
over smooth mare surfaces and 100 km over rough high- 
land terrains (Smith et al., 1997). Because of the influence 
of terrain roughness and solar phase angle, the distribution 
of good returns is highly variable within an orbital track. 
Spudis et al. (1994) estimate that within an orbital track, 
valid topographic measurements may make up as little as 
15% of the total returns in very rough terrain near zero solar 
phase angle or nearly 100% of the returns for smooth maria 
overflown late in the mission when solar phase angles were 
larger. Although the distributions of valid returns and thus 
the spatial resolution within an orbital track is variable, the 
single-shot ranging precision of the LIDAR is 40 m and the 

.--- 
500 -/ Yare i;renltatls Tokography ' 

0 

Latitude 

Fig. 2. LIDAR profiles crossing Mare Serenitatis. Profiles are portions of 
the LIDAR data in orbital tracks located at about 14.4"~, 17.2'~, 19.9'~, 
22.7°~, and 25.4'~ longitude. Profile locations are shown in Fig. 1. The 
LIDAR data were exhacted from the data set of Smith et al. (1997). 
Elevations are in meters above an ellipsoid of radius 1738 km at the 
equator with a flattening of 113234.93 corresponding to the flattening of 
the geoid, and the vertical exaggeration is 80:l. 

absolute vertical accuracy is estimated to be 100 m (Zuber 
et al., 1994; Smith et al., 1997). The LIDAR data are the 
best elevation data available for Mare Serenitatis since the 
accuracy of stereo-derived data are limited over relatively 
featureless mare surfaces (Cook and Robinson, 1999). 

LIDAR data (from Smith et al., 1997) along eight or- 
bital tracks that cross Mare Serenitatis have been examined 
(Fig. 1 ). The long wavelength topography shown in LIDAR 
profiles that cross the interior of Serenitatis indicate that the 
center of the mare is higher than the margins (Fig. 2). In the 
25.4"E longitude profile, the elevation difference between 
the center of the mare and the lowest elevation of the mare 
surface is up to 400 m (Fig. 2). An exception to this trend is 
reflected in the 19.9"E longitude profile (Fig. 2) that shows a 
general increase in elevation of the mare surface from south 
to north. A digital elevation model (DEM) of Mare Sereni- 
tatis was extracted from the global lunar DEM generated us- 
ing the LIDAR data by Smith et al. (1997). The global lunar 
DEM has grid resolution of 0.25" x 0.25", corresponding to 
the minimum spacing between orbital passes (Smith et al., 
1997). The DEM of Mare Serenitatis indicates that much of 
the northern, eastern, and southern margins are lower than 
the center of the mare (Fig. 3). East-west trends in the to- 
pography across the central basin, however, indicate a less 
prominent central topographic high and, in some areas, a 
gradual decrease in elevation of the mare surface from west 
to east (Fig. 3). This trend was first revealed in Apollo Laser 
Altimeter data (see Wollenhaupt et al., 1973, Fig. 33-24a) 
and Apollo Lunar Sounder Experiment (ALSE) data (see 
Sharpton, 1992, Fig. 2). The lowest point in Mare Sereni- 
tatis is located on its southeast margin, over 400 m below 
the center of the mare (Fig. 3). If the long wavelength 
topography of the mare surface is due to subsidence of 
the basalts, the topographic data suggest that significant 
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Fig. 3. Digital elevation model (DEM) of Mare Serenitatis. The DEM 
was extracted from the global lunar DEM generated by Smith et al. 
(1997) and is overlaid on the shaded relief map. The lowest elevations 
on the mare surface are located near the margins. The white " X  shows 
the approximate location of the highest elevation in the interior of the 
mare. Elevations are in meters above an ellipsoid of radius 1738 km at 
the equator, with a flattening,of 113234.93 corresponding to the flattening 
of the geoid. 

subsidence has occurred along the margins, particularly 
along the southeast margin. 

In general, the lowest elevations in the mare lie outside 
the prominent mare ridge ring in the interior of Serenitatis. 
The elevation of the mare surface on the margin-side of 
the pronounced eastern segments of the ridge ring, made 
up of Dorsa Lister and Smirnov, is invariably lower than 
the interior-side (Fig. 3). This trend does not hold for mare 
ridges along the margins of Serenitatis. Dorsa Aldrovandi, 
for example, is located on the western margin of Serenitatis 
and here the elevation of the mare surface on the margin-side 
of the ridge is higher than the interior-side (see Fig. 3). 

2.2. Gravity 

Gravitational field models derived from data collected by 
the Lunar Orbiters, the Apollo missions, Clementine, and 
most recently from the Lunar Prospector mission, indicate 
that the Serenitatis mascon, like others, has a strong posi- 
tive gravity anomaly ringed by a negative anomaly (Zuber 
et al., 1994, Fig. 2b; Lemoine et a]., 1997, Plate 1; Konopliv 
et al., 1998, Fig. la). The positive anomaly is attributed to 
the uncompensated mare basalts (Phillips et al., 1972) and 
the presence of a dense mantle "plug" formed by post-impact 
mantle rebound (Wise and Yates, 1970; Solomon and Head, 
1979) (for a summary discussion of the relative contribu- 
tion of mantle material and the basalt fill to the gravity see 

Fig. 4. Free-air gravity derived from the Lunar Prospector 165th 
degree gravity model (LP165P) (Konopliv et al., 2001). The grid was 
generated by truncating LP 165P at degree and order 1 10. Gravity is over- 
laid on the shaded relief map. The plateau-shaped positive anomaly is 
located in the interior of the basin and roughly coincides with the mare 
basalts inside the prominent ridge ring. The white "X" shows the approx- 
imate location of a relative low or ledge in the anomaly (see Fig. 5). 
Units are in milligals. 

Konopliv et al., 1998). The uncompensated basalts, sup- 
ported by the flexural strength of the lunar lithosphere, result 
in the downward deflection of the lithosphere and compres- 
sional stresses in the interior of the basin that form the wrin- 
kle ridges and extensional stresses on the margins that form 
arcuate graben (Melosh, 1978; Solomon and Head, 1979, 
1980). A positive free-air gravity anomaly supports a mas- 
con tectonic model involving flexure of the lithosphere due 
to loading of the mare basalts, and the surrounding negative 
anomaly suggests subsurface mass deficiencies that result 
from crustal thickening related to basin formation or modi- 
fication (Lemoine et al., 1997). 

Evidence such as a decrease in the number of pre-mare 
craters, gravity, and ALSE subsurface profiles have led to 
the conclusion that the basalts have the greatest thickness 
in the centers of the basins (see Baldwin, 1970; Wil- 
helms, 1987). The gravity model of Lemoine et al. (1997) 
(GLGM-2 free-air model) is consistent with previous mod- 
els that indicate a "bull's eye" pattern with the high located 
roughly in the center of Serenitatis. If the dominant contri- 
bution to the gravity anomaly is from the basalt fill (Phillips 
et al., 1972), this pattern would suggest an axially syrn- 
metric, Gaussian-shaped accumulation with the greatest 
thickness of the basalts near the basin center. The most 
recent gravity models (Konopliv et al., 1998, 2001; Kono- 
pliv and Yuan, 1999), however, show that the anomaly for 
Serenitatis does not have a "bull's eye" pattern (Fig. 4). 
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Fig. 5. Plots of the free-air gravity over Mare Serenitatis. The plots are 
along 2 5 ' ~ ,  26°N, and 27ON latitude (see legend). The anomaly has a 
plateau shape in the interior of the basin and steep shoulders near the 
basin margins (see Fig. 4). The arrow shows the location of a N 60 ~ngal  
relative low in the positive anomaly that roughly coincides with the 
location of the highest elevation of the interior mare surface (see Fig. 3). 
Units are in milligals. 

The anomaly is a broad plateau over the mare interior, 
roughly corresponding to the area inside the mare ridge ring 
(Fig. 5). The shape of the anomaly, particularly the strong 
shoulders near the margins, supports interpretations that it 
is dominated by the near-surface mare fill (Phillips et al., 
1972; Konopliv et al., 1998). If this is the case, the basalt se- 
quence in the interior of the basin may be generally uniform 
in thickness and thin rapidly at the margins; a shape not well 
approximated by an axially symmetric Gaussian-shaped 
sequence. Thus, the topographic lows in the mare surface 
do not appear to coincide with areas where the basalts are 
thick. They occur where the gravity data suggest the basalt 
sequence is thinning. The gravity data also suggest that the 
pre-mare basalt topography of the interior of Serenitatis 
may have been more flat than bowl shaped. Although this 
interpretation of the subsurface structure is non-unique, it is 
consistent with the available data. Gravity data for Crisium, 
Humorum, Imbrium, and Nectaris suggest that the mare fill 
in these basins may also be roughly uniform in thickness 
and better approximated by broad tabular-shaped basalt 
sequences (Konopliv et al., 1998, 2001). 

3. Discussion 

The observation that mare surfaces fall close to an el- 
lipsoidal surface lead to the hypothesis that mare basalts 
originated in the deep interior and flooded Serenitatis and 
the other nearside basins to an equipotential level (Runcorn, 
1974; Sjogren and Wollenhaupt, 1976; Brown et al., 1974; 
Smith et al., 1997). A recent analysis by Arkani-Hamed 
et al. (1999) suggests that basins flooded to local rather than 
a global equipotential surface. Although the mare basalts 
filled the Serenitatis basins to an equipotential level, the 
total accumulation of the mare sequence is estimated to 

have occurred over a period of 800 myr (Howard et al., 
1973; Solomon and Head, 1979, 1980) to 1.4 byr (Hiesinger 
et al., 2001). As the basalts flooded the basin over this pe- 
riod, the newly formed mare floors subsided. Subsidence was 
thus contemporaneous with the emplacement of the mare se- 
quence. Solomon and Head (1979, 1980) suggested the fol- 
lowing sequence of events in the evolution of Mare Sereni- 
tatis. The oldest basalt units were emplaced from about 3.85 
to 3.65 byr ago. Subsidence of these basalts resulted in the 
basin concentric graben. Intermediate age basalt units were 
emplaced about at 3.5 byr, filling the centrally subsiding de- 
pression, extending out to the basin margins, and embaying 
many of the graben formed in the oldest basalt units. The 
youngest basalts flooded the interior of the basin at about 
3.4-3.0 byr. Subsidence continued during and after the em- 
placement of the intermediate and youngest units, forming 
the mare ridges. Units in Mare Serenitatis estimated to be 
younger than 3.0 byr have been identified (Boyce, 1976) and 
some may be as young as 2.44 byr (Hiesinger et al:, 2001). 
The total thickness of the basalt sequence in Serenitatis and 
other mascon maria is estimated to be 2 4  km or as much 
as 3-6 km (Sjogren et al., 1974; Solomon and Head, 1979, 
1980; Arkani-Hamed, 1998; Williams and Zuber, 1998). 
Thus, the present surface of Mare Serenitatis reflects a long 
period of volcanism, subsidence, and deformation. 

The long wavelength topography df the mare surface may 
be dominated by the last stages of flooding and subsidence. If 
this is the case, the topographic lows in Mare Serenitatis may 
be the result of subsidence in response to the emplacement of 
young basalt units near the margins. The basalt units exposed 
at the margins are, however, for the most part intermediate 
to old in age (Boyce, 1976, Fig. 4; Solomon and Head, 1979, 
Fig. 4; Hiesinger et al., 2001, Fig. 9). Exceptions may be 
some small areas on the eastern margin, south of Posidonius, 
where young mare basalt units are exposed (Boyce, 1976, 
Fig. 4; Hiesinger et al., 2001, Fig. 9). This suggests that the 
topographic lows in the mare surface and the distribution of 
young mare units is not strongly correlated. 

The observed topographic high in the west-central 
portion of Serenitatis may represent a late-stage, localized 
accumulation of mare basalts. Solomon and Head (1979, 
Fig. 4) mapped the basalt units exposed in the area of the to- 
pographic high as mostly intermediate in age. Boyce (1976, 
Fig. 4) concluded that the basalts in this area are younger 
than the central mare unit. Hiesinger et al. (2001) mapped 
units in west-central Serenitatis that are intermediate to 
young in age, ranging from 3.6 to 2.9 byr. Gravity data 
indicate a - 60 mgal relative low in the positive anomaly 
(Figs. 4 and 5) that roughly corresponds to the topographic 
high (Fig. 3). This relative low or ledge in the anomaly 
suggests that the sequence of basalts may be thinner in this 
area, possibly overlying a topographic high in the basin 
floor composed of less dense crustal material. The topo- 
graphic high may be due to a relatively thin accumulation 
of intermediate to young mare basalts that did not subside 
appreciably after emplacement. 
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Subsidence may have been influenced by pre-mare basalt 
basin topography and pre-existing zones of weakness in 
the lunar lithosphere. The most significant influence on 
the pre-mare basalt topography and zones of lithospheric 
weakness may have been from the formation of pre- and 
post-Serenitatis basins. Based on photogeologic evidence 
and gravity data, Scott (1974) suggested that Serenitatis is 
a composite of two independent basins; a North and South 
Serenitatis (also see Spudis, 1993). The northern basin is 
older and smaller than the southern basin, and its northern 
rim corresponds to the northwestern rim of Serenitatis (see 
Scott, 1974, Fig. 1 ). The proposed location of the north- 
ern basin correlates well with the topographic low on the 
northwestern margin of Serenitatis. It also roughly corre- 
sponds to a N 160 mgal feature in the Serenitatis gravity 
anomaly (Fig. 4). The gravity data suggest that the mare 
fill is significantly thinner in this area relative to the interior 
of Serenitatis. Thus, the gravity and topography support the 
idea that Serenitatis is made up of two overlapping basins. 

The ring system of the Imbrium basin may have also 
contributed to the topography of Mare Serenitatis. Spudis 
(1993) suggests that the prominent topography of the 
eastern rim of Serenitatis may be due to the coincident 
alignment of its ring system with the large, outer rings of 
Imbrium. The intersection between Serenitatis and Imbrium 
basin rings are thought to have produced an uplifted section 
of the pre-Imbrian crust within the Apennines (southwest 
margin of Serenitatis) (see Spudis, 1993), and the Imbrium 
ring system may have contributed to the elevated topogra- 
phy in western Serenitatis. 

If the topographic lows along the eastern margin of Seren- 
itatis are not due to subsidence of young mare basalts, they 
may reflect subsidence influenced by a zone of weakness 
in the pre-mare basin floor. Such a zone of weakness could 
have been formed by the alignment of an outer ring of 
Imbrium with the eastern margin of Serenitatis. This might 
help account for the topographic lows in the mare surface 
where the basalt sequence is relatively thin. 
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