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Introduction: Several of the impact craters on Ceres 

have sets of fractures on their floors. These fractures ap-
pear similar to those found within a class of lunar and 
martian craters referred to as “Floor-Fractured Craters” 
(FFCs), which are hypothesized to fracture due to the 
intrusion of magma beneath the craters. The Ceres FFCs 
have been cataloged [1] according to the classification 
scheme designed for the Moon [2-4]. An analysis of the 
morphology and depth to diameter (d vs D) ratio for 
Ceres FFCs indicates that they are very similar to Class 
1 and Class 4 lunar FFCs, suggesting that the Ceres cra-
ters may similarly be undergoing fracturing due to the 
intrusion of a low-density material. While on the Moon 
and Mars the intrusive material is hypothesized to be 
silicate magma, cryomagmatic intrusions are more 
likely on Ceres [1]. However, new models suggest that 
at least some of the FFC fractures may have formed due 
to processes more similar to terrestrial salt-tectonics, 
namely the solid state flow of a low-viscosity, low-den-
sity (LV-LD) material driven by differential loading. 

Formation Models: The magmatic intrusion model 
for FFC formation originally proposed by [2] and later 
tested and expanded on by others [e.g. 3-6] assumes that 
a dike vertically propagates towards the surface beneath 
the crater, but stalls when it reaches the highly fractured, 
low density region that formed beneath the crater during 
the impact. Although the upward motion has stalled, the 
driving pressure of the magma exceeds the local lithos-
tatic pressure, causing it to propagate laterally, forming 
a sill. This sill extends until it reaches the edges of the 
crater floor, where increased overburden pressure due to 
the crater wall and crater rim will restrict further lateral 
growth. If the sill continues to fill with magma, a domed 
laccolith will form, resulting in increased bending 
stresses and resultant fracturing over the uplifted re-
gions of the crater floor. However, in those craters 
where the ratio of the intrusion diameter to the intrusion 
depth exceeds a critical value the sill would tabularly 
deform the overlying crater surface [4]. This type of in-
trusion localizes bending stresses at the periphery of the 
crater, resulting in fracturing in the wall-adjacent region 
and causing a piston-like uplift of the entire crater floor 
[6]. The uplift would also cause the crater floor to be-
come more shallow than it was, as it is tabularly lifted 
by the underlying sill. 

A cryovolcanic extrusive edifice, Ahuna Mons, has 
been identified on Ceres [7], and other features, mapped 
as large domes [8], have been proposed to be possible 
degraded cryovolcanic edifices [9]. The presence of 
these cryovolcanic features suggests that cryomagma-
tism could be the formation mechanism of the cerean 

FFCs. However, recent work suggests that ice diapirs 
would not be able to reach within 10-20 km of the Ceres 
surface if driven by buoyancy alone [10], due to the high 
viscosity of the near-surface crust [11]. A second hy-
pothesis was thus proposed for the formation of the 
large domes on Ceres [10]: solid state flow of a LV-LD 
material, driven by differential loading.  

Differential loading is the primary driver for terres-
trial salt tectonics, although buoyancy also plays a part 
[12]. On Earth this differential loading is due to uneven 
deposition of an overlying sedimentary layer. The 
model for Ceres suggests that the differential loading is 
brought about by the sudden removal of the overlying 
layer due to impact cratering [10].  

Preliminary numerical models show that impact into 
a layer of LV-LD material, presumably some mixture of 
ice, salts, and clathrate, within the heterogeneous crust 
of Ceres can result in surface deformation expressed as 
doming into the crater wall [10], which is consistent 
with the location of many of the mapped large domes 
[8]. While the numerical models do not currently show 
fracturing due to doming, it is not unreasonable to as-
sume that such fracturing could occur. 

Ceres FFCs: An analysis of the d/D ratio for Ceres 
craters shows that, like lunar FFCs, the cerean FFCs are 
consistently shallow compared to the d/D of the average 
Ceres crater. The shallow floors are consistent with the 
magmatic model for FFC formation [1]. In addition, an 
in-depth study of Occator crater [13] indicated that a 
mantle of the modeled composition and size of Ceres’ 
mantle would yield cryomagma with sufficient driving 
pressure to have been responsible for the fracturing 
within Occator, reaching depths in the crust of 3 km be-
neath its floor. Recent identification of cryovolcanic 
flows within Occator [14] support the suggestion of cry-
omagmatic activity beneath the crater. 

However, in the numerical models of solid state flow 
into craters the location of the doming [10] is also con-
sistent with the fracturing at the base of the crater wall 
that we observe in some FFCs [1]. In Occator these frac-
tures are even associated with a domical feature on the 
crater wall [13].  

According to the magmatic model, fractures at the 
base of the crater wall form when tabular uplift of the 
crater floor occurs. In the Ceres FFCs this type of frac-
ture occurs only in a limited area of the crater floor, not 
360º around the base of the wall as might be expected. 
However, Humboldt crater on the Moon, a type example 
Class 1 lunar FFC [e.g. 2-4], has a similar concentration 
of concentric floor fracturing in the southern part of its 
wall. Thus, the limited extent of the fractures at the base 
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of the crater wall in cerean FFCs cannot be used to de-
termine if the concentric fracturing is due to cryomag-
matic activity or solid state flow. 

Also, while solid state flow might possibly explain 
some of the FFC features, the models do not currently 
explain all of them, such as the features around a crater’s 
central structure, linear fractures crossing the crater 
floor, or the moats within the Class 4 FFCs. These fea-
tures appear more like to have formed by cryomagmatic 
activity. While ice diapirs might not be able to reach 
within 10-20 km of the Ceres surface if driven by buoy-
ancy alone [10], recent work modeling impact cratering 
[15] and the composition and thermal evolution [16] on 
Ceres suggests that impact stresses could form cryom-
agma chambers beneath the Ceres craters that last long 
enough to result in the observed cryovolcanic features 
in Occator crater [14]. 

Ezinu crater: The floor fractures in Ezinu (Fig. 1), 
a 116 km crater located at 43.2ºN, 195.7ºE, may be at-
tributable to solid state flow. The primary trough is ar-
cuate in shape, curving strongly to the east; it is 22.7 km 
long, 2.6 km wide, and up to 200 m deep. This trough 
wraps around a roughly circular topographic high that 
rises 514 m above the crater floor. Smaller fractures 
splay out from the primary trough mainly to the east, 
across the topographic high, while a few horsetail splays 
extend to the south from the western side of the trough. 
This pattern is comparable to the fracture pattern formed 
in physical analog models of subsurface LV-LD flow 
[17]. 

 

 
Figure 1. HAMO topography overlying LAMO clear 
filter mosaic (35 m/pixel) of Ezinu crater. 
 

Ezinu impacted into the northwestern flank of Han-
ami Planum [1], the only large discrete topographic rise 
on Ceres. This might explain why the eastern floor of 

Ezinu is generally higher than the western floor. How-
ever, it is also possible that the general raising of the 
crater floor in this area is due to an injection of a LV-
LD material. In fact, since one hypothesis for the for-
mation of Hanami Planum itself has been the intrusion 
of a lower density material [18], it might even be the 
source of the putative LV-LD material.  

There is a 13.6 km diameter crater on the eastern 
wall of Ezinu (Fig. 1) that has been classified as a Class 
4 floor-fractured crater [1]. If an intrusion of LV-LD 
material resulted in the Ezinu fracturing, then it would 
most likely also cause the uplift of the floor and creation 
of subtle fractures within this smaller crater. It is possi-
ble that the moat observed within this crater is due to the 
impact melting of the ice within the LV-LD layer, cre-
ating a cryomagmatic sill that would inflate as it refroze, 
causing uplift of the floor. Preliminary physical model-
ing [17] supports this interpretation. 

Discussion: None of the impact craters on Ceres that 
host large domes [8] have fractured floors, although in 
some locations there are large domes near FFCs [1]. In 
addition, the FFCs are some of the younger craters on 
Ceres [1], while the large domes are generally older fea-
tures [8, 9]. This anti-correlation suggests that there may 
be a difference in crustal properties between the loca-
tions where the FFCs and the cryovolcanic features 
form. It is possible that the large domes formed where 
solid state flow occurred, while the FFCs formed where 
there was cryomagmatic activity. However, it is also 
possible that differences in the viscosity of a putative 
subsurface LV-LD layer over time could account for 
changes in the observed surface deformation. Further 
modeling will need to be performed to determine which 
process is more consistent with the observed features 
and what we know of the Ceres surface and interior. 
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