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Linear and arcuate flat-floored rilles and v-shaped hctures are common tectonic features on the planets, are 
interpreted as extensional in nature, and can have a variety of modes of origin, including flexure, broad elastic 
expansion in the substrate, hydrofracturing, sliding of near-surface rocks along a detachment, and dike intrusion. In 
order to establish criteria for these different modes of origin on the Moon, and to utilize these in a better 
understanding of the range of tectonic forces that have influenced the lunar crust and lithosphere, we develop a 
theoretical treatment for the penetration of magma-filled cracks (dikes) to the vicinity of the lunar surface, and outline 
the predicted range of tectonic and associated volcanic features and processes. We then examine the range of rilles and 
associated features observed on the Moon and analyze them in the context of these predictions [I]. 

Petrologic and geochemical evidence indicates that the source zones for the mafic mare magmas lay within 
the lunar mantle, that melts were less dense than the mantle and so would have been naturally buoyant, but were 
denser than the anorthositic crust, making their eruption to the surface difficult. Early work [2,3] showed how the 
positive buoyancy of these melts within the mantle could compensate for their negative buoyancy within the crust 
provided that each eruption took place through a dike which was continuously open to the surface from a source zone 
at a sufficiently great depth in the mantle. This kind of analysis was extended [4] to take account of the fact that 
magmas collecting in reservoirs are subject to a fluid pressure greater than the lithostatic pressure in the surrounding 
country rocks. This excess pressure is commonly inherited from the volume increase during the partial melting 
process. The excess pressure in the melt allows upward dike propagation to occur into overlying rocks within which 
the melt is not positively buoyant. The excess pressure required to drive dikes to the surface [4] from a magma 
reservoir at the base of the lunar crust was of order 15 and 20 MPa, respectively, for the crustal thicknesses of 64 and 
86 knl (nearside and farside). Although these excess pressures would allow dikes to propagate to the surface, they 
would not be large enough to force magma to the surface through the available fracture; slightly higher excess 
pressure (-21 and 28 MPa) would be needed to accomplish this. The above conditions correspond to dikes with mean 
thicknesses of a few to several hundred meters. The relatively small differences between the excess pressures in 
magma reservoirs which either would or would not ensure eruptions taking place underline the fact that the 
conditions for surface eruptions of lunar basalts were finely balanced, and that the crustal thickness reductions 
provided by the presence of impact basins was a major factor in ensuring that eruptions took place preferentially into 
such basins [4.5]. It follows that, throughout much of lunar history, combinations of magma pressure and source 
depth must have existed which would have allowed magma-filled dikes to penetrate close to, but not reach, the 
surface. Using models of the stress fields around fluid-filled elastic cracks [6], it was shown [7] that dikes with mean 
thicknesses of the order found above (hundreds of meters) propagating to shallow (-1-2 km) depths in the lunar crust 
were capable of producing surface stress fields leading to the development of graben with widths of -1-3 km, and this 
process was identified as the likely cause of the development of two linear rilles (Rima Sirsalis and Rima Parry V). 
We have now explored in more detail a range of consequences of overpressured dikes penetrating to shallow depths in 
the lunar crust. 

A propagating dike generates a stress field in the surrounding rocks. This field involves stresses greater 
than the mechanical strength of the host rocks in a region surrounding the dike tip and gives rise to inelastic 
responses in this region, commonly termed the process zone [8,9]. As an upward-propagating dike nears the free 
surface, its accompanying stress field is progressively modified, and stresses and associated strains at the surface 
become concentrated in two regions parallel with the strike of the dike plane and located on either side of the line of 
the potential outcrop of the dike on the surface. The separation on the surface between the zones of maximum elastic 
stress is essentially independent of the mean dike thickness and depends only on the dike tip depth [a. The 
magnitude of the maximum stress, however, is directly proportional to the dlke thickness, as well as being dependent 
on the depth of the dike tip. As a dike tip rises towards the surface, therefore, the stresses become sufficiently large 
that failure of the country rocks takes place in shear or tension at points well outside the process zone on both sides 
of the dike. Whether these initial failures are actually on the surface or at some finite depth below it is a function of 
relationships between the excess pressure within the dike, the dike width and the mechanical properties of the country 
rocks [lo]. The failure planes soon intersect the surface, however, and a graben structure begins to develop. Once 
incipient failure occurs, further modification of the stress field takes place and the subsequent distribution of elastic 
and inelastic strain can become extremely complex. As the dike continues to propagate towards the surface, the 
regions of maximum elastic stress migrate inwards and the maximum amount of potential elastic surface strain in 
those regions increases rapidly. However, the fact that failure of the near-surface rocks has already occurred means 
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that much of the strain implied by the increasing stresses as the dike tip approaches the surface can be taken up by 
movement on the initial graben boundary faults; the main result is the progressive deepening of the initial graben. If 
the dike tip approaches very close to the surface, the changing stress field could eventually encourage the formation 
of a new pair of inward-facing faults producing a new, smaller graben structure on the floor of the original, larger 
structure. A more likely consequence of shallow penetration of the dike tip appears to be the emplacement of minor 
intrusions branching off the main dike to propagate normal to the least principle stress trajectories. Finally, if the 
dike eventually emerges at the surface, leading to an eruption, its finite width at the surface compensates for some, 
but not all, of the accumulated extensional strain [6]. 

An important issue in the case of dikes propagating all the way to the surface and producing eruptions is the 
speed with which the dike propagates (essentially limited for mafic dikes by the rise speed of the magma within the 
dike and hence by a combination of the excess pressure in the dike, the magma buoyancy, the dike width and the 
magma viscosity [3]). Although fracture surfaces may be generated in rocks at a speed comparable to the speed of 
sound in the rock, a finite time is required for fault movements to take place, especially on the largest spatial scales, 
and a sufficiently high dike rise speed may prevent the complete development of the spectrum of surface deformation 
features that would have accompanied slower emplacement. Where dikes fail to reach the surface, it is inevitable that 
the magma in the dike must decelerate progressively to come to rest as stresses near the dike tip reach the 
equilibrium that defines its final position. It is therefore much more likely that the complete expression of the 
surface strains will have time to develop in this case. An added complication, however, is the fact that, as the magma 
in the dike comes to rest, the pressure gradient responsible for its motion against wall friction forces decays to zero. 
The absolute pressure in the dike tip must therefore rise, and the distribution of driving pressure (internal magma 
pressure minus regional least principle stress) must correspondingly change to become larger towards the top of the 
dike. This change of stress distribution causes an increase in the amount of surface strain (in extreme circumstances 
by a factor of up to 2 [6]) without any change in the location of the maximum surface stress. 

Clearly, the surface manifestation of a dike which does not actually reach the surface can take a range of 
forms. If the dike stalls at a sufficiently great depth there will be some undetectably small amount of surface 
extension and uplift. If it penetrates to shallower depths there may still be no noticeable topographic effects at the 
scale of available images, but incipient failure or activation of preexisting fractures may generate pathways along 
which gas (probably mainly carbon monoxide [l 11) released by magma in the shallowest parts of the dike can reach 
the surface. Still shallower penetration will lead to a larger volume of melt being exposed to the relatively low 
pressure environment near the surface and will encourage the generation of a greater mass of CO since the chemical 
reaction producing it is pressure-dependent. Any development of convective motions in the magma in the dike 
while it is cooling @articularly likely in a wide dike) will also cycle melt from depth through the low pressure zone 
and add to the gas generation process. Subsequent loss of this gas, coupled with a magma volume decrease on 
cooling, may lead to collapse features (or even explosion craters) forming on the surface above the dike. Sufficiently 
close approach of the dike tip to the surface will cause new fractures to form and allow significant movements along 
parallel faults to occur. As the dike tip further approaches the surface, the main effect will be for the graben to 
become progressively deeper as more strain is accomodated. Very shallow intrusion may lead to further fractures 
developing on the floor of the graben and will encourage the formation of small secondary intrusions and possible 
eruptions. This treatment sets the stage for comparison of model predictions to observations of lunar surface features 
111. 
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