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Introduction:  Floor-fractured craters (FFCs) are a 

class of lunar crater characterized by anomalously shal-

low, fractured floors, with additional characteristics 

including moats, dark halo deposits, and patches of 

mare material [1,2]. The two proposed formation mech-

anisms for floor-fractured craters include viscous re-

laxation [e.g. 3] and magmatic intrusion and sill em-

placement [1]. Recent morphologic analysis using Lu-

nar Orbiter Laser Altimeter (LOLA) data and Lunar 

Reconnaissance Orbiter Camera (LROC) images sup-

ports magmatic intrusion and sill formation as the for-

mation mechanism of floor-fractured craters [2]. 

Using this result, we examine the volcanic features 

associated with floor-fractured craters, with emphasis 

on their relationship to the evolution of the magmatic 

intrusion. We also use Gravity Recovery and Interior 

Laboratory (GRAIL) data to investigate the Bouguer 

gravity anomalies associated with floor-fractured cra-

ters. 

Intrusion Emplacement:  The intrusion of a mag-

matic body beneath overlying strata (such as a crater 

floor) produces initial deformation and observable sur-

face morphologies [4, 5]. The end-member intrusion 

morphologies, sill and laccolith, are shown schematical-

ly in Figure 1. The emplacement stage encompasses 

processes associated with the dike propogation, 

sill/laccolith formation and inflation, and subsequent 

fracturing and deformation of the surrounding and over-

lying rock. The sill and laccolith end-member morphol-

ogies have been interpreted from morphologic evidence 

[2,6], and are consistent with modeled end-member 

morphologies for the intrusion of a magmatic body be-

neath a crater floor [7]. Thorey and Michaut [7] estab-

lish a critical relationship for determining the end-

member intrusion morphology between the depth of the 

intrusion and the diameter of the intrusion. An analysis 

of FFC surface morphology suggests that craters with D 

< 40 km possess domed floors indicative of a laccolith 

intrusion morphology; FFCs with D > 40 km possess 

flatter floors and a more sill-like intrusion morphology. 

Thus we conclude that the intrusion diameter is the 

more important parameter in determining final intrusion 

morphology. Measurements of intrusion thickness 

(method from [2]) suggest an average intrusion thicknes 

of 1 km, and using a Stefan cooling solution, we deter-

mine that a 1 km thick intrusion would take 4 years to 

solidify (that is, reach the solidus, not necessarily equi-

librium with the country rock). 

Coincident with the intrusion emplacement, is the 

process of magma degassing, involving both initial 

magma volatiles, such as H2O [8], and the in situ pro-

duction of CO [9,10]. How these volatiles evolve during 

intrusion emplacement, and particularly how they inter-

act with fractures formed during intrusion emplacement 

has important bearing on what (if any) volcanic surface 

features are formed. 

Volcanic Features: The surface volcanic features 

associated with floor-fractured crater intrusion evolution 

(Figure 1) are categorized as 1) vents, with or without 

associated dark mantling material, Figure 2a; 2) dark 

halo deposits representing pyroclastic material, general-

ly surrounding a vent, Figure 2b; 3) surface lava flows 

located primarily at the crater floor-wall interface, Fig-

ure 2c. There is likely a close relationship between vol-

canic features and floor fractures, for example transport 

of magma along faults at the intrusion periphery could 

lead to the observed surface flows (Figure 2c). Jackson 

and Pollard [1988] show a relationship between frac-

ture location (over areas of greatest bending) and small 

accessory dike fed from the main intrusion. Thus, we 

conclude that the volcanic features associated with 

floor-fractured craters are related to either volatile re-

lease of magma localized beneath fractures, or physical 

transport of magma along these fractures and onto the 

crater floor.  

We postulate that vents are the result of passive vol-

atile leaking and degassing resulting in collapse of the 

overlying material. This would be promoted by low-

pressure foams (~5 MPa) that collapse [11, 12]. Dark 

mantling deposits can be the result of vulcanian erup-

tions [13] that possess a pressure in excess of ~ 15 MPa 

[11, 14, 15] sufficient to both fracture the overlying 

rock and disperse pyroclastic material around the central 

vent. Patches of mare material represent lava flows 

sourced from the intrusion, and formed by the transport 

of magma along fractures related to the uplift of the 

crater floor. 
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Gravity Structure:  Impact craters on both the 

Earth and the Moon possess a negative Bouguer anoma-

ly [16, 17] which is commonly attributed to the brecci-

ated region beneath the crater floor [17]. Floor-fractured 

craters formed by a subcrater magmatic intrusion would 

possess a high-density component in addition to the 

low-density breccia component. This intrusion contribu-

tion may manifest as a positive Bouguer anomaly for 

the crater floor as a whole, or perhaps as a less negative 

Bouguer anomaly than would be predicted. We note that 

on the Moon, craters with diameter greater than ~150 

km display positive Bouguer anomalies, which has been 

attributed to mantle uplift [18]. Using GRAIL data 

GRGM720B model, we analyze the Bouguer anomaly 

associated with all catalogued floor-fractured craters 

[2]. We observe three categories of gravity anomaly: 1) 

mascon dominated, 2) null signal, 3) positive center 

[19]. The Bouguer anomaly associated with craters that 

are located within lunar basins or close to the edge of 

basins is often overpowered by the Bouguer anomaly of 

the basin leading to the mascon dominated group. The 

second group, null signal, is ascribed to craters with a 

Bouguer anomaly indistinguishable from the surround-

ing region. These craters have diameters 20-40 km, and 

given the model spatial block size (~10 km) it is possi-

ble that the crater floor Bouguer anomaly signal is con-

volved with and obscured by the regional crater 

Bouguer anomaly. Positive center craters have a posi-

tive Bouguer anomaly for the crater floor region. Figure 

3 shows the Bouguer anomaly of the crater Vitello, in-

cluding a plot of incremental topography and Bouguer 

anomaly showing an inverse relationship between the 

crater topography and the strength of the Bouguer 

anomaly. Of the 88 floor-fractured craters that were not 

mascon dominated 71 display positive Bouguer anoma-

lies [6]. 

Conclusions: Floor-fractured craters are a class of 

lunar craters postulated to form as a result of magmatic 

intrusion and sill formation [1, 2]. The evolution of 

these intrusions can lead to volcanic features such as 

vents, pyroclastic deposits, and lava flows. These fea-

tures are spatially correlated with the floor-fractures and 

their formation is dependent on the pressure generated 

by exsolved volatiles in the magma transported along 

peripheral fractures. In general, impact craters possess 

negative Bouguer anomalies [16, 17]; however craters 

hosting a magmatic intrusion should possess a positive 

Bouguer anomaly reflecting this high-density compo-

nent. Analysis of GRAIL data shows that 71 of 88 ap-

plicable floor-fractured craters host a positive Bouguer 

anomaly, further supporting the magmatic intrusion and 

sill formation hypothesis. 
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Figure 3: Bouguer gravity anomaly for the crater Vitello, D = 44 km. 
There is a positive Bouguer anomaly in the center of the crater floor (A), 

which underlies a region of strong concentric fractures and uplift on the 

crater floor itself. B) Incremental topography (LOLA) and Bouguer 

anomaly shown in radial distance from the crater center. 

Figure 2: LROC-WAC images of volcanic features associated with floor- 
fractured craters. A) Large vent from the NE part of the crater floor of 

Schrödinger crater. B) Pyroclastic dark mantling deposits located in the 

eastern part of crater Alphonsus. C) Lava flows along the edge of the 
floor in crater Humboldt. Note in all cases the volcanic feature is located 

on a fracture. 

Figure 1: Schematic cross-sections of end-member floor-fractured 
crater intrusions. A) Laccolith style intrusion which produces a domed 

crater floor. B) Slab-like sill intrusion which results in piston-like 

uplift of the crater floor, aided by large peripheral faults. 
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