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Introduction: The lunar maria represent an example of vertically accreting secondary crusts (those derived 
from partial melting of planetary mantles) (1) in which the total volume is sufficiently small (-1 x 107 km3) (2) 
and the total area covered (-17% of the lunar surface) (2) is such that modes of formation, emplacement, and 
evolution of secondary crusts and their relationship to primary crusts (those formed as a result of accretional 
heating) can be well studied. We have been analyzing processes operating between mare basalt source regions and 
surface features (3) in order to understand surface features in terms of the geometry of the conduits delivering 
magma h m  the source to the surface (4). Using a basic theoretical h e w o r k  for the ascent and eruption of 
magma on the Moon (3), we are assessing principles of reservoir development at neutral buoyancy zones at the 
base of the highlands crust or at rheological boundaries, the overpressurization of such reservoirs, and the general 
properties of dikes that would be propagated toward the surface (4,5). Here we report on recent analyses of the 
mode of emplacement (Figs. 1,2), stratigraphy, and implications for the nature of source regions. 

Distribution and Range of Surface Morphologic Features: Lunar mare deposits occcur 
preferentially in topographic lows on the nearside, and display a wide range of volcanic landforms, many of which 
are associated with source vents (6,7). These include lava flows, cones, domes, sinuous rilles, pits, crater chains, 
and collections of these features in volcanic complexes, such as the Marius Hills. 

Source Regions: Fig. 1 shows a diagrammatic representation of a model for the emplacement of secondary 
crust through, and onto, the lower-density anorthositic crust (4,8). At #1, early basaltic magmas rise diapirically 
to the density trap at the base of the crust. Those below topographic lows (thin crust) associated with lunar 
impact basins are in a favorable environment for dike propagation and extrusion of lavas to fill the basin interior. 
Diapirs reaching the base of the thicker crust on the farside and parts of the nearside (#2), stall and propagate dikes 
into the crust, most of which stall and solidify in the crust and do not reach the surface. Variations in regional and 
local compensation produce a favorable setting for emplacement of some lava in craters and the largest basins on 
the farside (#3). With time, the lithosphere thickens (9) and ascending diapirs stall at a rheological boundary, 
building up excess pressure to propagate dikes toward the surface. At the same time, loading and flexure of the 
earlier mare deposits creates a stress environment which favors extrusion at the basin edge (#5) (10); lavas will 
preferentially emerge there, flowing into the subsiding basin interior. The latest eruptions are deepest and require 
high stress buildups and large volumes in order to reach the surface; thus, these tend to be characterized by high 
volume flows and sinuous rilles (#6). Ultimate deepening of source regions and cooling of the Moon causes 
activity to diminish and eventually to cease (1 1). 

Mode of Emplacement: This configuration (Fig. 1) has important implications for the mode of 
emplacement of mare basalts and the interpretation of surface morphological features. For example, shallow 
magma reservoirs are difficult to produce because overpressurization events are likely to be widely separated in 
time, during which time dikes will solidify in the crust. Indeed there is little evidence for shallow reservoirs and 
the large shield volcanoes that would be produced from them (6, 12). Volcanic landforms indicate that many 
eruptions were of high volume (13). Dikes that establish pathways completely to the surface on the nearside 
should have very high volumes, comparable to the volumes associated with many observed flows and sinuous 
rilles (Fig. 2, right). An abundance of dikes should exist in the lower crust of the Moon, many more than those 
feeding surface eruptions (Fig. 2, left). The presence and abundance of such dike swarms have important 
implications for the interpretation of the average composition of the lunar crust and the composition of basin and 
crater ejecta. A small percentage of dikes should penetrate to the vicinity of the surface (Fig. 2, middle), and our 
analyses suggest that they should form a variety of surface structures, including linear rilles caused by near-surface 
stresses related to dike emplacement. Volatile exsolution from magma in the cooling dikes can cause explosive 
(vulcanian) eruptions, pyroclastic activity, and chains of collapse craters (Fig. 2, middle). 

Stratigraphy: Analysis of returned samples and photogeologic and remote sensing studies (summarized in 
6,7) show that mare volcanism began prior to the end of heavy bombardment (the period of cryptomare 
formation), in pre-Nectarian times, and continued until the Copernican Period, a total duration approaching 3.5-4 
Ga. Recent analyses have increased the surface area known to contain cryptomaria, and shown that there were 
several widespread mare regions during that period comparable in area to presently exposed maria such as 
Humorurn and Serenitatis (14-16). Detailed analyses and synthesis of lunar mare stratigraphy is revealing the 
range of volumes typical of individual eruptions (17) and the compositional affinities and volumes of units in 
individual basins and regions. 

Flux: These sh-atigraphic analyses show that the mare volcanic flux was not constant, but peaked in early 
lunar history during the Imbrian Period. Average global volcanic output rate during this peak period was about 
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10-2 km3/a, comparable to the present local output rates for individual volcanoes on Earth such as Kilauea, 
Hawai'i. Some eruptions associated with sinuous rilles may have lasted about a year and emplaced 103 km3 of 
lava; a single such eruption would represent the equivalent in one year of about 70,000 years at the average flux. 
The flux was variable in space and time during this period, and the patterns revealed by the stratigraphy show 
evidence for regional concentrations of sources and compositional affinities. These p a w s  are the basic input dats 
to defining the configuration, size, and density of mantle source regions (Fig. 1) throughout the period of mue 
basalt emplacement. 

Implications for Source Regions: The nearside-farside mare deposit asymmetry can be readily explained 
by differences in crustal thickness. Magma ascending from the mantle or from a buoyancy trap at the base of the 
crust should preferentially extrude to the surface on the nearside, but should g e n d y  stall and cool in dikes in the 
farside crust, extruding only in the deepest basins. Therefore, the nearside-farside dichotomy is unlikely to 
represent 6rst-order differences in mantle source region characteristics. The nearside record provides considerable 
evidence for patterns in the scale, location, composition, and duration of source regions, and these data are 
presently being compard to models for mare basalt petrogenesis (18, 19). 

Formation of Secondary Crusts: Lunar mare deposits provide an example of the transition from 
primary crusts to secondary crusts and illustrate the si&~cance of several factors in the evolution of secondary 
crusts, such as crustal density, variations in crustal thickness, presence of impact basins, state and magnitude of 
stress in the lithosphere, and general thermal evolution. These factors are also responsible for the extremely low 
volcanic flux, even during periods of peak extrusion. 
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