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Introduction:  Floor-fractured craters are a class of 

lunar crater characterized by anomalously shallow, frac-

tured floors, with additional characteristics including 

moats, dark halo deposits, and patches of mare material 

[1,2]. The two proposed formation mechanisms for floor-

fractured craters are 1) viscous relaxation [1,3] and 

magmatic intrusion and sill emplacement [1]. Recent 

morphologic analysis using Lunar Orbiter and Laser Al-

timeter (LOLA) and Lunar Reconnaissance Orbiter Cam-

era (LROC) data and images supports magmatic intrusion 

and sill emplacement as the formation mechanism of 

floor-fractured craters [2]. 

Exploring this interpretation, we examine the conse-

quences of a large, shallow magmatic body beneath a 

lunar crater. Specifically, we investigate the processes 

associated with degassing and cooling of the magma 

body and the subsequent possibilities of venting, pyro-

clastic eruptions, and subsidence. We use the expected 

morphologic effects of these processes to further assess 

the formation of floor-fractured craters by magmatic in-

trusion. 

Magma Degassing:  In the magmatic intrusion hy-

pothesis, magma is intruded beneath a crater at a depth of 

one to a few kilometers below the surface, with this depth 

being derived from the postulated intrusion dimensions 

[2,4]. The postulated intrusion dimensions are derived 

from LOLA topographic data. The intrusion diameter 

represents the uplifted region of the crater floor, and the 

intrusion thickness is the difference between the observed 

crater depth and the typical depth of a fresh crater of the 

same diameter [5]. During magma ascent, reactions be-

tween free carbon and metal oxides produce CO, which 

rises as a gas+magmatic foam layer to the top of the dike, 

and later sill [6,7,8]. To determine the potential volume 

of this foam layer, we assume a gas concentration of 

1000 ppm in the initial magma [6,8,9], and a gas mass 

fraction, n, that is dependent on the excess pressure 

needed to fracture the overlying rock [9]. Then, using the 

current intrusion volume, we calculate the initial volume 

of the foam rich layer [9].  

We take the crater Gassendi (Figure 1a) as an arche-

typal example of a large, Class 3 floor-fractured crater 

[2]. Using the LOLA derived intrusion dimensions radius 

~48 km and intrusion thickness ~2 km [2], an unvesicu-

lated lunar magma density of 3000 kg/m
3
, and assuming 

that all of the CO scavenged from the intrusion magma 

resides in the upper foam layer, we calculate a mass of 

CO ~2*10
10 

kg. We assume a pressure of ~15 MPa, 

which is approximately twice the tensile strength of bas-

alt [9, 10, 11]. This value is also a valid approximation 

for a ceiling rock composed of igneous basalt, which has 

demonstrated a similar failure stress criterion to igneous 

basalts in uniaxial compression tests [12]. We then take n 

~0.0239 for the foam layer which corresponds to the 15 

MPa pressure [9], calculate the mass of magma in the 

foam layer, sum the masses and divide by the density of 

foam layer, β~924 kg/m
3
 [9] to find a total foam layer 

volume of ~10*10
8
 m

3
. 

Pyroclastic Eruptions: One of the most important 

consequences of magma reservoir degassing is the relief 

of the additional pressure, either by passive venting along 

pre-formed fractures or by pyroclastic eruptions.  

The floor-fractured crater Alphonsus hosts several 

dark halo craters which are hypothesized to be the result 

of vulcanian or ultra-vulcanian eruptions [13], implying 

crustal fracture by volatile-rich foam, as would be the 

scenario for a feature in a floor-fractured crater with a 

large body of magma beneath it. The dark halo craters in 

Alphonsus (Figure 2) are located primarily along the 

floor-fractures, suggesting a relationship between the two 

processes. Head and Wilson [1979] suggest a case 

wherein magma partially fills a fracture before solidify-

ing, a foam-rich layer then builds beneath this cap, and 

when the critical pressure is reached, a vulcanian erup-

tion takes place (Figure 3). Given such a formation 

mechanism, there should be a strong correlation between 

floor-fractured craters formed by magmatic intrusion, and 

observed venting features, such as dark halo craters, 

along the floor-fractures. 

By calculating the volume of the volatile-rich foam 

layer for various intrusion sizes, we can predict which 

floor-fractured craters are likely to experience pyroclastic 

eruptions, and then compare these with observed pyro-

clastic deposits and vents, such as the dark halo craters in 

Alphonsus and Schrödinger. 

Subsidence and Fracturing:  Subsidence is another 

key aspect of the degassing of a magma reservoir. In ter-

restrial eruptive cycles, subsidence is regularly observed 

prior to, and coincident with, magma degassing events, 

such as steam plumes observed at Lascar Volcano in 

Chile [14]. The formation and reinforcement of concen-

tric fractures surrounding the subsided dome is also noted 

[14]. Marti et. al. [1994] performed laboratory analog 

experiments recording the fracture styles associated with 

periods of inflation and subsidence [15]. The experi-

ments indicated that shallow polygonal fractures and ra-

dial fractures formed predominately during doming, and 

that concentric fractures formed predominately during 

2170.pdf44th Lunar and Planetary Science Conference (2013)



subsidence, although concentric fractures could also form 

during the doming stage [15].  

These three fracture styles—polygonal, radial, and 

concentric—are all observed in floor-fractured craters 

[1,2], with different morphologic classes showing prefer-

ence for different styles of floor-fracturing. Examples of 

these polygonal and concentric floor-fractures from 

crater Gassendi are shown in Figure 1a.  

By analyzing the observed fracture patterns as they 

relate to the morphologic classes of floor-fractured cra-

ters [2], and using LOLA generated topographic floor 

profiles, we examine the cycles of uplift and potential 

subsidence that occurred. For example, in Gassendi, ini-

tial uplift of the crater floor produced the polygonal frac-

tures observed throughout the crater. Additionally, there 

is a concentric fracture in the northwestern part of the 

crater; this area appears to have subsided relative to the 

southeastern portion of the crater floor (Figure 1b). The 

theoretical subsidence caused by the total removal of the 

foam layer beneath Gassendi is ~13m; however, this as-

sumes equal distribution of the foam across the area of 

the intrusion. If we postulate that the foam collected 

preferentially in the area of highest elevation, thus lowest 

lithostatic pressure, the subsidence becomes ~25 m in the 

northern part of the crater, similar to that observed in 

Figure 1b. These analyses are then cumulatively com-

bined with the analytic calculations of pyroclastic poten-

tial and the morphologic evidence for pyroclastic depos-

its and vents to further investigate the strong case for 

floor-fractured crater formation via magmatic intrusion 

and sill formation. 

Conclusions: We explore the hypothesis that floor-

fractured craters are formed by magmatic intrusion and 

sill formation, as has been suggested by recent interpreta-

tions of morphologic data [2], by examining the process 

of magma degassing in such a reservoir, and the subse-

quent nature of pyroclastic eruptions and floor subsid-

ence. As an example, we calculate the thickness of the 

foam layer beneath the crater Gassendi, based on the 

LOLA topography derived intrusion dimensions [2]. As-

suming the foam collects preferentially in the higher ele-

vations of the crater floor, the amount of subsidence re-

sulting from the removal of this foam layer corresponds 

closely to the observed topographic difference between 

the northwestern section of the floor of Gassendi com-

pared with the domed southern section (Figure 1b). The 

polygonal fractures on the floor of Gassendi are inter-

preted to correspond to uplift-induced fractures [15], and 

the concentric fractures in the northwestern part of the 

crater to the topographically subsided region.  

 
Figure 1: LOLA topography with overlaid LROC-WAC imagery de-

picting the crater Gassendi. Figure 1a shows the series of polygonal 

and concentric fractures that cross the floor. Figure 1b shows a LOLA 

topographic profile across the floor of Gassendi, note the uneven uplift 

which we interpret to be the result of subsidence in certain parts of the 

crater floor [2]. 

 
Figure 2: LROC-WAC image depicting the crater Alphonsus. The 

crater hosts dark halo craters, which comprise a central depression 

surrounded by dark mantle material. 

 
Figure 3: Cross-section of the vulcanian eruption process that formed 

the observed dark halo craters in crater Alphonsus. Intruded magma 

initially cools in a fracture. The magma then degasses and when the 

critical pressure is exceeded, a vulcanian eruption takes place [9]. 
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