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Introduction:  Impact craters are a dominant geo-
logical landform on Mars, the most Earth-like planet in 
the Solar System. The martian impact cratering record 
is more diverse than for Earth and the other terrestrial 
planets [e.g., 1]. Of particular interest is the presence 
of multiple layers of lobate or fluidized proximal 
ejecta deposits surrounding martian impact craters. 
These are collectively termed “layered ejecta struc-
tures” [2]. Fluidized ejecta deposits have been attrib-
uted to either (1) interaction of ejecta with volatiles 
derived from the subsurface [e.g., 3], or (2) ejecta in-
teraction with the atmosphere [e.g., 4]. Earth possesses 
both an atmosphere and volatile-rich (i.e., sedimen-
tary) rocks so that similar ejecta emplacement styles 
may be expected. 

Observations of proximal ejecta deposits around 
martian impact craters:  The characteristics of lay-
ered ejecta deposits surrounding martian impact craters 
have been documented by many workers, most re-
cently by Barlow [5]. In summary [after 5], ~89 % of 
the catalogued martian impact craters >5 km in diame-
ter that retain ejecta deposits display lobate or fluid-
ized ejecta deposits. Three main types of layered ejecta 
structures have been recognized, comprising single 
(SLE), double (DLE), or multiple (MLE) layers of 
ejecta, with the SLE morphology being the most pre-
dominant type. All layered ejecta blankets are charac-
terized by a ridge or rampart at their outer edge [3]. It 
is clear that the features of fluidized ejecta deposits 
around martian impact craters do not reflect just simple 
ballistic emplacement, as with the majority of lunar 
and mercurian craters. The ejecta emplacement process 
also involves a component of radial flow [3]. 

Observations of proximal ejecta deposits 
around terrestrial impact craters:  Recent studies of 
several well preserved terrestrial impact structures 
have provided important new information about the 
emplacement mechanisms of proximal impact ejecta 
deposits. This work draws on studies at Meteor Crater 
and Lonar Crater (both <2 km in diameter and SLE 
structures), the Ries and Haughton structures (both 
~24 km in diameter and DLE structures), and Chicxu-
lub (a ~180 km diameter DLE or MLE structure).  

For SLE structures: 
• Possible evidence of fluidized ejecta deposits have 
been noted around Meteor Crater [6]; however, the 
necessary detailed field studies have not been carried 
out to date. 
• Recent workers at the Lonar Crater have docu-
mented a component of ground-hugging surface flow 
following ballistic deposition of the ejecta blanket [7]; 

however, the possible contribution of volatiles in 
ejecta emplacement processes at Lonar is not currently 
known. 

For DLE structures: 
• The lower layer of ejecta is volumetrically the most 
abundant type of proximal ejecta and consists of two 
main components [e.g., 8]: (1) primary ejecta exca-
vated from the initial crater (i.e., the excavated zone of 
the transient cavity); (2) local material or ‘secondary 
ejecta’, derived from where the primary ejecta was 
initially deposited and, then, mobilized and incorpo-
rated by the secondary cratering action of the primary 
ejecta. Thus, the lower layer of ejecta in DLE is em-
placed via a combination of ballistic deposition and 
subsequent radial flow. 
• There are several important aspects of the upper-
most ejecta unit to note [from 9, 10]: (a) it is rich in 
impact melt products, including sediment-derived im-
pact melt phases such as carbonates, sulfates, and hy-
drous glasses; (b) it is derived from deeper levels 
within the target sequence, within the displaced zone 
of the transient cavity and is genetically related to cra-
ter-fill impactites; (c) it is emplaced during the final 
stages of the impact process (modification stage) after 
a substantial hiatus; (d) it is emplaced as a ground-
hugging flow(s) outwards from the crater center during 
the modification stage of crater formation. 

Discussion:  As noted above, two main models 
have been proposed to account for the fluidized nature 
of layered ejecta deposits on Mars: (1) vaporization of 
volatiles in the sub-surface produces a volatile-rich 
vapor plume which causes the entrained ejecta to flow 
following initial ballistic deposition [e.g., 3]; (2) inter-
action of the ejecta curtain with the martian atmos-
phere creates a vortex ring, which then entrains, trans-
ports, and deposits the ejecta in successive flows, with 
the fine-grained material forming the upper layers 
[e.g., 4]. It is important to note that both these models 
predict that the different layers of ejecta in DLE and 
MLE martian impact structures will be derived from 
the same region within the original transient cavity 
(i.e., the excavated zone). 

However, this is clearly not the case for terrestrial 
impact structures with multiple layers of ejecta. At the 
Chicxulub, Haughton, and Ries structures, the two 
layers of proximal ejecta are both very different in 
terms of depth of origin of clasts within the transient 
cavity, in their melt content, and in their style and 
mechanism of emplacement. Furthermore, ejecta de-
posits around terrestrial impact structures typically 
preserve evidence for ground-hugging surface flow 
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[e.g., 7, 9], also postulated for Mars. Synthesizing this 
recent work on ejecta deposits surrounding terrestrial 
impact structures with observations from Mars and 
theoretical considerations of the impact cratering proc-
ess, a new possible mechanism for the formation of 
fluidized, layered ejecta deposits on Mars is proposed. 

For SLE deposits and the lowermost ejecta layers 
in DLE and MLE structures, the following emplace-
ment model is proposed: 
(1) A mixture of melted and variably shocked target 

material originating from the excavated zone of the 
transient cavity is ejected upwards and outwards on 
ballistic trajectories. 

(2) Ballistic sedimentation of the primary ejecta results 
in the incorporation of local, surficial target materi-
als ("secondary ejecta") derived from the upper-
most (10's of meters) part of the target sequence. 

(3) Primary and secondary ejecta mix together and are 
transported outwards as ground-hugging debris 
flows. 
While this model is similar to those proposed by 

previous workers [e.g., 3, 5], the model presented does 
not invoke the interaction of a volatile-rich vapor 
plume with the ejecta curtain. Instead, it is suggested 
that the fluidized nature of these ejecta deposits on 
Mars is due to two main factors: (a) Volatile content 
and cohesiveness of surficial sediments present at the 
time of impact (i.e., fluidization is greatest where surfi-
cial volatile-rich unconsolidated sediments are pre-
sent); (b) Volatile content of target material in the ex-
cavated zone of the transient cavity (i.e., increased 
melt contents (including water from the melting of 
ground ice) of primary ballistic ejecta will contribute 
to increased runout distances of SLE deposits and the 
lowermost layers in DLE and MLE craters). 

In accord with previous workers [e.g., 3, 11], it is 
suggested that the relative amount of fluidization of 
these ejecta deposits reflects differences in the distri-
bution of ground ice; however, the mechanism of em-
placement proposed here is different. 

Turning now to DLE deposits: 
(1) The lowermost, areally extensive layer of DLE and 

possibly MLE structures, is emplaced in the same 
manner as SLE deposits (see above). Deposition of 
this first layer of ejecta occurs by the end of the ex-
cavation stage. A hiatus follows, during which time 
the original transient cavity undergoes modification 
by gravitational forces to varying extents, depend-
ing on its size. 

(2) For complex craters, movements associated with 
the formation of a central uplift and collapse of the 
crater walls can impart an outward-directed vector 
to material that remained in the transient cavity 
during the excavation stage (i.e, within the dis-
placed zone). This material is transported outwards 

towards and beyond the final crater rim as ground-
hugging flows. 

(3) For small, simple craters, gravitational modifica-
tion is minor so that any flows will either not make 
it past the crater rim, or they may be patchy and 
thin and unlikely to be resolvable in orbital data. 
In this model the formation of multiple layers of 

ejecta and deposition as flows is a result of the me-
chanics of complex crater formation. In terms of the 
terrestrial impact cratering record, there is no evidence 
to date for the interaction of the atmosphere during 
ejecta deposition. In contrast to the primary ballistic 
ejecta, the second layer(s) of ejecta emplaced during 
the modification stage does not incorporate substantial 
local material during transport as emplacement takes 
the form of low velocity ground-hugging flows [9]. 
Instead, the fluidized nature of these later ground-
hugging flows is due to impact-generated melt and 
vapor derived from volatile-rich target rocks [9, 10]. 
Volatile-rich melts, which includes water derived from 
the melting of ground ice, possess low viscosities and 
low solidus temperatures so that runout distances will 
be larger than if the melts originated from anhydrous 
crystalline rocks. Thus, the runout distance and vol-
ume of the upper layers in DLE and MLE structures 
should reflect compositional variations in the deeper 
levels of the target stratigraphy. 

Further comparative studies using terrestrial ana-
logues for martian impact structures are planned. It is 
hoped that this work will stimulate discussion and a 
transfer of ideas between the martian and terrestrial 
impact cratering communities. 
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