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subsurface at low- and mid-latitudes. 
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(1) Blocky debris and raised rims are common around central pit craters, suggestive of 

explosively-derived ejecta. 
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collapse origin hypotheses. 

 

(3) Only ~3% water by volume is required for explosive excavation of central pit-scale 

craters on Mars. 
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Abstract: 

Kilometer-scale pit craters are nested in the centers of many impact craters on Mars, as 

well as icy satellites. They have been inferred to form in the presence of a water-ice rich 

substrate; however, the process(es) responsible for their formation is still debated. Leading 

hypotheses invoke origins by either explosive excavation, or by subsurface drainage and 

collapse. If explosive excavation forms central pit craters, ejecta blankets should be draped 

around the pits, whereas internal collapse should not deposit significant material outside pit rims. 

Using visible wavelength images from the MRO CTX and HiRISE instruments and thermal 

infrared images from the Odyssey THEMIS instrument, we conducted a survey to characterize, 

in detail, the global population of central pits in impact craters ≥10 km in diameter. We 

specifically examined the morphology and thermophysical characteristics of the pits for evidence 

of ejecta blankets. We observed raised rims around many central pits, with morphologies similar 

to rims around impact craters and maar volcanoes. Our analysis of thermal images suggests that 

blocky materials – which we interpret as pit ejecta – are draped around many central pits on the 

floors of their parent craters. These observations and interpretations support an explosive origin 

for central pit craters on Mars. Theoretical calculations show that more than enough thermal 

energy is available via impact melt from the parent crater to form central pits by steam 

explosions, and such explosions would require only a modest amount (~3% by volume) of 
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subsurface water-ice. We therefore propose that central pit craters on Mars could have formed 

explosively by the interaction of impact melt and subsurface water-ice. 

 

Introduction: 

 Central pit craters occur in many impact structures on Mars and exhibit a crater-in-crater 

configuration [Smith, 1976; Hodges, 1978; Barlow, 2011] (Fig. 1). Over one thousand pit craters 

have been identified on the floors, or on top of the central peaks of Martian impact craters with 

diameters between 5 and 114 km, with 75% being in impact craters with diameters between 7 

and 30 km [Smith, 1976; Barlow, 2011]. Central pits have typical diameters of ~20% of the 

entire impact structure, such that a 50 km diameter crater might have a central pit ~10 km wide 

[Hodges, 1978]. Their depths range from very shallow, to over 1.5 km below the surrounding 

impact crater floor.  

 Central pit craters on Mars are confined to low and mid-latitudes, within ±70° of the 

Martian equator [Hodges, 1980; Barlow, 2011]. Central pits are also common for impact craters 

on icy satellites, including Ganymede and Callisto [Smith et al., 1979]. Central pits are seldom 

observed on rocky planets other than Mars, although a few dozen are present on Mercury 

[Schultz, 1989; Xiao and Komatsu, 2013] and the Moon [Croft, 1981; Schultz, 1976a, 1976b, 

1988; Xiao et al., 2014].  

 The presence of water-ice is believed to be involved in typical pit crater formation 

[Hodges, 1980; Croft, 1981]. Although water-ice is not stable on low-latitude Martian surfaces 

today [Clifford and Hillel, 1983; Mellon et al., 1997; Head et al., 2003], water was (and might 

still be) present within the upper few kilometers of the surface even at low latitudes earlier in 

Mars’ history. The possibility of significant subsurface water in pre-impact terrains is supported 
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by the presence of lobed ejecta surrounding many Martian rampart impact craters [Carr et al., 

1977; Gault and Greeley, 1978; Wohletz and Sheridan, 1983; Barlow et al., 2000; Baloga et al., 

2005], channels/deposits from catastrophic floods [Baker and Milton, 1974, Carr, 1979; Baker, 

1982; McKenzie and Nimmo, 1999; Burr et al., 2002; Peel and Fassett, 2013], recent gullies 

[Christensen, 2003;  McEwen et al., 2011], and Mars Odyssey Gamma Ray Spectrometer spectra 

[Boynton et al., 2007]. However, the process(es) responsible for forming central pits in craters 

and the role of water is still debated. 

Two basic models have been proposed for pit formation: explosive excavation during, or 

after impact [Wood et al., 1978; Hodges, 1978; Hodges et al., 1980; Greeley et al., 1982; 

Barlow, 2006, 2010], or post-impact drainage and/or collapse [Croft, 1981; Passey and 

Shoemaker, 1982; Barlow, 2011; Alzate and Barlow, 2011; Elder et al., 2012; Bray et al., 2012]. 

Explosive excavation could be accomplished through vaporization of water/ice, such that thermal 

energy may be converted to kinetic, as pressurized steam expands rapidly, catastrophically 

excavating crater materials. Vaporization could occur from the heat and pressure of the parent 

crater-forming impact, or by later contact and mixing of impact rock-melt with water initiating a 

phreatomagmatic explosion. Low-velocity impacts have also been proposed as a possible 

explosive origin for central pits [Schultz, 1988]. The lack of infilling of central pits suggests that 

they formed late in or after the modification stage of the parent impact crater formation [e.g. 

Melosh, 1989]. Therefore, pit formation by immediate vaporization, or directly by impact 

excavation, is not favored. Alternatively, an icy substrate could be fractured and melted or 

sublimated during an impact, allowing water to either escape into the atmosphere, or drain 

gravitationally to deeper open pore space, leaving emptied pore space prone to collapse [Croft, 

1981]. 
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During a crater-forming explosion, rocks and boulders are ejected out of the crater, layers 

are proximally uplifted and overturned, and ejecta is draped over the surrounding surface to 

create raised rims [e.g. Melosh, 1989]. Features such as sinkholes , which are typical of karst 

landscapes, and lava tube skylights form by gravitational collapse and do not create raised rims 

by ejecting large quantities of material [e.g., Okubo and Martel, 1998; Salvati and Sasowsky, 

2002; Cushing et al., 2007; Robinson et al., 2012]. We hypothesize, then, that the presence or 

absence of an ejecta blanket provides one way to distinguish between explosive versus collapse 

scenarios for the formation of central pit craters.  In this paper, we provide a summary of the data 

and methods used to test this hypothesis. Next, we examine the plausibility of enough thermal 

energy in a post-impact environment for initiating and sustaining steam explosions that could 

create kilometer-scale central pit craters. Finally, we apply our integrated observations to 

interpret the morphology and thermal properties of central pit craters.  

 

Data and Methods: 

For this study, we surveyed and identified impact craters > ~10 km in diameter 

containing central pits, within ±60° latitude of the Martian equator; surveys utilized the Java-

based planetary geographic information system program JMARS [Christensen et al., 2009]. 

Central pit craters were identified as distinctive circular depressions in the center of an impact 

crater that appeared to be deeper than the parent crater floor based on the available imaging and 

topography. Diameters were measured for both the central pits and their parent craters. Many 

central pit craters were too small to identify or measure in the 128 pixel/deg (460 m/px) Mars 

Orbiter Laser Altimeter (MOLA) global shaded relief mosaic [Smith et al., 2001], so the ~100 

m/pixel Mars Odyssey mission Thermal Emission Imaging Spectrometer (THEMIS) 
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[Christensen et al., 2004] calibrated daytime infrared (IR) global mosaic [Edwards et al., 2011] 

was used instead, which provides nearly complete coverage to ±60° latitude. THEMIS daytime 

IR images show topography as shaded relief, since Sun-facing slopes are typically warmest. 

Higher resolution images were also used to observe finer-scale morphology. Mars 

Reconnaissance Orbiter mission Context Camera (CTX) [Malin et al., 2007; Bell et al., 2013] 

images at ~ 6 m/pixel were map-projected and stretched from Planetary Data System (PDS) raw 

electronic data records, and High Resolution Imaging Science Experiment (HiRISE) [McEwen et 

al., 2007] images at ~ 0.25 to 1.3 m/pixel were map-projected and stretched from PDS calibrated 

reduced data records.  

During the formation of impact and other explosive craters, large blocks are typically 

ejected and scattered outside the crater. Large blocks and coarse grains have higher thermal 

inertia than finer-grained materials and hold onto their heat longer through the night. The 

THEMIS nighttime thermal image mosaic can therefore be used as a proxy for blockiness, such 

that coarse-grained, or blocky materials are relatively warm while dust, sand, and other fine-

grained materials are cooler [Christensen, 1986; Fergason et al., 2006; Edwards et al., 2009; 

Edwards et al., 2011]. THEMIS nighttime images have previously been used to observe blocky 

ejecta rays from impact craters on Mars that otherwise show little or no albedo variation in 

visible images [McEwen et al., 2005; Tornabene et al., 2006]. Similarly, central pit craters with 

an annulus, or a skewed patch of material that is relatively warmer in the THEMIS nighttime 

mosaic than the surrounding parent crater floor, can be classified as blocky (perhaps ejecta).  

Regional albedos around pits were also measured using Thermal Emission Spectrometer (TES) 

solar energy reflectivity integrated from 0.3 to 2.9 µm [Christensen et al., 2001]. 
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Theoretical Modeling: 

 We also explored the theoretical plausibility of whether enough thermal energy could 

have been available in a post-impact environment to initiate steam explosions capable of creating 

kilometer-scale central pit craters. We started with the empirical model shown below which 

predicts the mass ratio of melted (mm) to displaced (md) impact target materials (Eq. 1) [O’Keefe 

and Ahrens, 1982]: 

mm/md=1.6×10
-7

×(g×Di)
0.83

×vi
0.33

    (1), 

where g is planetary gravity, Di is parent crater diameter and vi is bolide velocity. We assign the 

following values for our calculations: Gravity g = 3.711 m/s
2
; bolide velocity vi = 25 km/s; 

central pit to parent crater diameter ratio = 0.2, and depth/diameter ratio for the parent crater = 

0.1. We also assumed that any melt generated remained within the crater. Finally, we modeled 

the crater as a half-ellipsoid and applied the mass fraction to determine the volume and mass of 

melt produced (Eqs. 2,3): 

Vm=(mm/md)×(2/3)×π×di×(Di/2)
2
    (2) and 

mm=ρm/Vm    (3), 

where Vm is the volume of melt, di is the depth of the parent crater, and ρm is the density of the 

melt. Sato and Taniguchi (1997) used the following equation to predict the energy required to 

form (in this case, a central pit) crater, explosively. The empirical equation can be applied to 

volcanic, nuclear, and chemical explosions, independent of origin (Eq. 4): 

Ec=4.45×10
6
×Dp

3.05
    (4), 

where Ec is the energy of crater formation and Dp is the diameter of the (pit) crater. The total 

thermal energy transfer required to melt ice and boil water to steam  can be calculated using 

specific and latent heats (Eq. 5):  
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Hw=mw×Lf+mw×clq×∆Tw+mw×Lv    (5), 

where Hw is the energy transferred to the water, mw is the mass of water, Lf is the latent heat of 

fusion, clq is the specific heat of liquid water, ΔTw is the temperature change of liquid water, and 

Lv is the latent heat of vaporization. We assign values for Lf = 3.34x10
5
 J/kg, clq = 4.187 x10

3
 

J/kg∙K, and Lv = 2.270 x10
6
 J/kg. Evaluating Eq. 5, we see that an investment of 3.023x10

6
 J is 

required to turn 1 kg of water from ice (273 K) to steam (373 K).  We assume that the steam is 

not heated to higher temperatures, although a smaller amount of superheated steam would also 

satisfy the energy requirements for crater formation. The thermal energy of vaporization, 

specifically the step of converting water to steam, can be transformed to kinetic energy that can 

form a crater.  The mass of steam required is calculated by dividing the crater formation energy 

from Eq. 4 by the latent heat of vaporization. Dividing this result by the density of ice provides 

the volume of ice required to form a central pit crater.  As shown in Fig. 2, only a small amount 

of water (comprising ~3% of a central pit’s volume) would need to be vaporized to form a 

central pit crater. 

The amount of thermal energy available in rock-melt may also be calculated using 

specific heats (Eq. 6): 

Em=mm×cpm×∆Tm=ρm×Vm×cpm×∆Tm    (6), 

where Em is the energy required for cooling rock, cpm is the specific heat of rock, ΔTm is the 

temperature change of the rock. We assume a basaltic melt composition and assign values of ρm 

= 3000 kg/m
3
; cpm = 1000 J/kg∙K; and change of temperature (from the basalt solidus to the STP 

boiling point of water) ΔTm = 1473 K – 373 K = 1100 K. It should be noted that impact melts can 

also be superheated, perhaps up to 1700°C (1973 K) [Zieg and Marsh, 2005], so our calculations 

may underestimate the thermal energy available by ~50%. Adiabatic heat transfer efficiency is 
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typically ~10% or less, due to poor mixing; however, it can reach an optimal efficiency of ~30% 

for water/melt ratios of 0.3-0.5 [Wohletz, 1986]. Such optimal efficiencies are believed to be 

present for maars in permafrost, as suggested by the largest, kilometer-scale terrestrial maars 

found in the Seward Peninsula, Alaska [Begét et al., 1996]. Our calculations consider cases with 

both 10% (suboptimal) and 30% (optimal) efficiencies. 

The mass of impact melt required to vaporize ice to steam can be calculated by setting the 

total heat transfer Hw from Eq. 5 equal to the product of the heat transfer efficiency and the rock-

melt thermal energy from Eq. 6. As shown in Fig. 2, the rock-melt must comprise a volume 

greater than or equal to ~8-28% of the central pit crater’s volume. The total energy transfer 

required for vaporizing ice (Hw) from Eq. 5 can also be compared to the total energy available 

from rock-melt by multiplying Eq. 6 with the value(s) for heat transfer efficiency (Figs. 3, 4). 

Based on these calculations, sufficient thermal energy should be available via impact rock-melt 

to vaporize small amounts of ice that act explosively to form central pit craters within kilometer- 

scale impact structures. 

 

Results: 

We identified central pit craters within 654 parent craters ~10 km diameter or larger 

between ±60° latitude of the Martian equator (Fig. 5). Additional smaller craters with central pits 

likely exist, but are not resolved in THEMIS thermal images used for this study.  Topographic 

profiles across many of the larger central pit craters show raised rims around central pits that 

taper outwards (Fig. 5).  Central pits were identified in parent impact craters with diameters from 

~8 to 112 km, with 95% of those parent craters being less than 50 km in diameter.  Some impact 

craters with diameters <10 km containing central depressions were excluded from our survey due 
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to poor spatial resolution and uncertainty as to whether the depressions were deeper than the 

parent floor. We excluded ambiguous structures that might be peak rings or concentric terraces, 

especially in craters near the Martian simple to complex crater transition of ~3-8 km diameter 

[Pike, 1980]. The surveyed central pits have a median diameter ratio to their parent craters of 

0.175 with a standard deviation of 0.037 (Fig. 6). These results are comparable to the median 

ratio of 0.16 found by Barlow [2011]. 

 Based on THEMIS nighttime temperature images, 388 (59.3%) pits showed warm 

(coarse) material outside their rim and on the parent crater floor (Fig. 7); the remaining 266 

(40.7%) did not. Some pits had annuli of warm material surrounding the whole pit, whereas 

others showed increased nighttime temperatures on predominantly one side (Fig. 8). Pits with 

warm patches in THEMIS images showed large blocky debris (up to tens, to perhaps over a 

hundreds of meters wide for the largest pits) in visible CTX and HiRISE images (Fig. 9), while 

pits that did not show warm material typically appeared blanketed or mantled by sand and/or 

dust (Fig. 10).  

Based on TES-derived albedos, central pits in Tharsis, Elysium, Arabia, and other high-

albedo (dusty) regions tend to not be surrounded by warm material (Figs. 4, 11). The median 

albedo for all central pits with warm material is 0.16, while the median albedo for all central pits 

without is 0.23. However, the albedo distribution on Mars is bimodal, due to regional dust 

deposits, so we also examined the medians separately for dusty (albedo >0.19), versus non-dusty 

areas (albedo <0.19).  In non-dusty areas, 254 pits (70%) have warm material versus 106 (30%) 

that do not. As expected, the median albedo around pits within non-dusty areas was the same 

(0.14) for pits both with and without warm material. Conversely in regions with albedos > 0.19, 

dust significantly affects the detection of warm, blocky material. There are fewer (134, 46%) pits 
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with warm material in dusty regions with a medial albedo of 0.236, while pits without warm 

material (160, 54%) had a median albedo of 0.267. Therefore, pits in non-dusty areas are more 

likely to show warm material. We conclude that dust plays a significant role in the masking 

blocky material around many central pits.  

Smaller central pits also tend to lack warm, blocky material (Fig. 12). Based on the 

population of impact craters observed with THEMIS data, the median diameter for parent craters 

containing pits with warm material is ~23.9 km and the median diameter for craters with pits 

lacking it is ~16.9 km, both cases being above the simple/complex transition of 3-8 km for 

Martian craters [Pike, 1980]. 

 

Discussion: 

 The raised rims around some pits observed with MOLA topography are suggestive of 

explosive excavation, similar to their parent craters, which also have raised rims. Surfaces visible 

in CTX and HiRISE images show large (meter-scale) blocks in warm patches adjacent to central 

pits (e.g., Fig. 9), consistent with the expected correlation between warm material and coarse 

surfaces. Such blocks and megablocks are commonly observed near explosively-formed craters, 

including at the Ries crater in Germany [Gault et al., 1963], as well as at some Martian craters 

[e.g., Caudill et al., 2012]. Combined with the spatial correlation of warm material and central 

pits, we interpret the blocks scattered around central pits to be explosively-emplaced pit ejecta. 

 Central pit craters appear to be eroded and degraded in a similar manner to their parent 

craters, suggesting that the pits formed relatively soon after the parent impacts.  The presence or 

absence of warm, coarse-grained materials appears to depend on the degradational state of the pit 

and its parent crater. Small craters excavate a smaller volume of material that is finer-grained on 
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average [Gault et al., 1963] and may be more easily eroded, or covered than large craters. The 

more frequent and larger ejecta blocks at larger pits, however, should be preferentially preserved 

and exposed at or within a few thermal skin depths (several centimeters) of the surface. 

Accumulated dust and/or sand appears to mask ejecta, as indicated by typically higher albedos 

and/or the blanketed appearance for pits lacking warm material (Fig. 11). The positive 

correlation of albedo and pit crater diameter suggests that the thermal anomalies of smaller pit 

craters are often masked by degradation and/or burial.  

Taken out of context, the presence of warm material near pits would not necessarily need 

to be due to ejecta. For example, post-impact lava or perhaps impact melt flows occur near a few 

pits and also have high thermal inertias, although small flow lobes are easily distinguishable and 

more extensive volcanism should have filled the central pit (Fig. 13). Patchy or partial erosional 

uncovering of consolidated parent crater fill rocks could also explain higher thermal inertias 

relative to the surrounding crater floor; however, the unlikely selective removal of significant 

amounts of dust from the centers of parent craters, but not in the dusty plains surrounding many 

parent craters, argues against such a mechanism. Additionally, significant erosion on the parent 

crater floor is inconsistent with the presence and preservation of raised rims around many central 

pits.  The high thermal inertia signals are also not associated with any aeolian dunes or other 

bedforms, based on CTX and HiRISE images. 

Our calculations suggest that rock-melt from kilometer-scale impacts has sufficient 

thermal energy to drive steam explosions capable of producing pit craters; however, not all 

Martian craters exhibit central pits. We propose two primary criteria for the explosive formation 

of central pits on Mars: the coexistence of impact generated rock-melt and water-ice. First, 

sufficient impact melt must be retained within the parent impact crater. Smaller impact craters 
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produce less melt proportionally and distribute that impact melt more sparsely, so small craters 

may not have enough consolidated rock-melt energy to ultimately form pits, even if sufficient 

water-ice is present.  Additionally, if the system has excess water-ice, the rock-melt’s thermal 

energy may also melt and heat the excess water and not have sufficient energy remaining to 

vaporize enough water to form a pit crater.  Second, sufficient water must be available post-

impact. If too little water (or too low a concentration) is present, there may not be sufficient 

steam to form a large pit crater. Although only a small amount (~3% by volume) of water is 

required to drive a pit-forming steam explosion, larger impact craters (tens to hundreds of km) 

may produce enough rock-melt to fill in any depressions that might form and thus erase any 

topographic evidence of a central pit.  A similar phenomenon is thought to have occurred at the 

Sudbury impact structure, where steam explosions created the brecciated Onaping Formation but 

the explosive depressions were filled in and erased [Grieve et al., 2010]. 

Contact and interaction of impact rock-melt and water/ice could be accomplished through 

several mechanisms.  For example, heavy fracturing and brecciation during the impact process 

may allow fluids (either rock-melt, or liquid water) to mobilize and permeate the substrate and 

come into contact with each other. Water (liquid), or ice-bearing fallback ejecta could also be 

deposited on top of impact rock-melt pools, or suevite deposits. However, these two mechanisms 

(as well as many collapse scenarios) would not necessarily require that pit craters always form in 

the centers of their parent craters, nor that they be consistently sized, because fracturing and 

fallback of ejecta should be ubiquitous over the crater interior and pore water volumes are likely 

to be spatially variable. 

We propose an alternate hypothesis in which that the central uplift will sometimes bring 

sufficient water (as liquid, ice, or both) up and into contact with near-surface impact rock-melt to 



Williams et al. Central Pit Craters on Mars 13 

13 

 

initiate late impact-stage steam explosions that form central pit craters (Fig. 14). Central uplift 

occurs late in the impact process during the modification stage, after most crater fill has settled 

[e.g., Melosh, 1989]. Thus, pit formation concurrent with central uplift is consistent with the 

apparent lack of infilling of deep pits. This model also explains why these large pits are always 

in the centers of their parent craters (where the central uplift occurred) and have raised rims and 

blocky materials (explosive ejecta) surrounding the pit craters. Another interesting aspect of this 

model is that since our calculations show it only requires small amounts of water (perhaps as 

little as 3% by volume), it provides a possible explanation even for the formation of the small 

number of central pit craters observed on Mercury and the Moon, which should have had very 

limited water, or other volatiles to sustain collapse. Although not directly addressed in our 

survey, smaller “summit pit craters” are also observed atop some Martian central peaks [Barlow, 

2006, 2011], and can potentially be explained by this uplift contact model, representing cases 

where either water, or rock-melt is limited and localized. 

 

Summary 

The presence of raised rims and blocky material surrounding Martian central pit craters is 

consistent with ejecta from an explosive pit origin. Nearly 60% of all central pits in our global 

survey have relatively warmer (interpreted as coarser) material around them. Pits in areas with 

high albedos (dusty) tend to not show blocky materials, which have probably been obscured by 

dust accumulation. Smaller pits also tend not to show blocky material, perhaps because the less 

voluminous ejecta was finer-grained and more easily removed by erosion. Drainage and collapse 

models do not satisfactorily explain the observed characteristics of these features; for example, 

those processes are unlikely to emplace or concentrate blocky ejecta, as coarse materials should 
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move down slope, and not be preferentially concentrated on the rim. We propose a new "uplift 

contact model" that could explain the observed morphologies, distributions, and thermal 

properties of Martian central pit craters. Our thermal calculations show that only ≥ ~3% water by 

volume is required to provide the energy needed for a phreatomagmatic explosion origin for the 

observed pit craters. Our explosive origin model is also potentially consistent with the small 

number of central pits on Mercury and the Moon, assuming only minor amounts of water in 

localized pre-impact subsurfaces. Drainage and collapse may still be a viable method for pit 

formation on icy satellites, but an explosive origin for central pit craters appears to be the 

preferred mechanism for Mars (and other rocky planets) for forming central pit craters. 
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Figures: 

     

Fig. 1: MOLA topographic profile across the center of a 50 km diameter unnamed Martian 

impact crater containing a central pit at 296.4°E, 17.6°S (shown at right in THEMIS daytime 

mosaic). Note the raised rims on both the wider parent crater and the inner central pit. Vertical 

exaggeration is 10x. 
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Fig. 2: Required amounts of water and impact melt for heat energy transfer to form a kilometer-

scale (pit) crater shown as percent by volume with respect to the volume of a central pit crater. 

The range in impact melt volume represents uncertainty due to varying heat transfer efficiency 

between 0.1-0.3. 
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Fig. 3: Thermal energies of water required to convert ice to steam to provide the energy for 

creating central pit craters (blue line) of differing diameter. Also shown is the available thermal 

energy from impact rock-melt, after applying thermal efficiency values of 0.1 (lower red curve) 

to 0.3 (upper red curve). 
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Fig. 4: Ratios of thermal energy required to vaporize steam, versus the amount of thermal energy 

available in relationship to crater diameter. The range of in energy ratios reflects variations in 

heat transfer efficiency over a range of 0.1 (lower curve) to 0.3 (upper curve). 
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Fig. 5: Distribution of 654 central pit craters identified in our survey of the THEMIS daytime 

global mosaic, within ±60° degrees of the Martian equator, overlain on the TES albedo basemap 

[Christensen et al., 2001] and presented in a Mollweide equal area projection. 
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Fig. 6: Histogram showing the range of diameter ratios between central pits and their parent 

craters.  The median value is 0.175 with a standard deviation of 0.037. 
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Fig. 7: CTX visible (shading) and THEMIS nighttime (color) images showing relatively warm 

material inferred to be blocky ejecta surrounding two central pit craters at 18.4°S, 102.7°E and 

14.7°S, 93.2°E. The difference between “warm” and “cool” temperatures in these and other 

THEMIS nighttime IR images presented here is on the order of ~10K. 
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Fig. 8: THEMIS nighttime IR (color) over CTX visible (shading) image showing Arima crater 

(15.8°S, 296.3°E) and central pit with warm (blocky) material predominantly on the south and 

west sides. Note the parent crater’s distal ejecta is also warm, indicating blocky debris. 
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A)  B) 

 

Fig. 9: A) HiRISE image showing large blocks near a central pit crater at 23.8°S, 126.8°E. B) 

THEMIS nighttime IR (color) over daytime IR (shading) context image showing warm material 

inferred as being blocky and confirmed by the HiRISE image. Black lines indicate location of A. 

Yellow box in B indicates footprint of HiRISE image. 
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Fig. 10: THEMIS nighttime IR (color) over CTX visible (shading) image showing a central pit 

crater at 10.9°N, 50.8°E. We interpret the lack of a warm thermal signature surrounding the 

central pit here as being due to mantling by fine-grained dust and/or sand. 
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Fig. 11: Histogram and box-and-whisker plot of central pit craters exhibiting warm THEMIS 

night-time temperatures (red) and those without warm temperatures (blue) as a function of 

regional albedo from TES [Christensen et al., 2001]. 
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Fig. 12: Histogram and box-and-whisker plot of craters containing central pits exhibiting warm 

THEMIS night-time temperatures (red) and those without warm temperatures (blue) as functions 

of the parent crater diameter. 
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Fig. 13: THEMIS nighttime IR (color) over CTX visible (shading) image showing dispersed lava 

or perhaps impact melt flows on the floor of an impact crater containing a central pit (28.5°N, 

83.4°W). 
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A)  B)  

  

Fig. 14: Schematic cartoons illustrating steps in complex crater formation resulting in: A) a 

classical central peak [modified from French, 1998], and B) our proposed new "uplift contact 

model" for Martian central pit crater formation. 

 


