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Abstract–A model for emplacement of deposits of impact craters is presented that explains the size
range of Martian layered ejecta craters between 5 km and 60 km in diameter in the low and middle
latitudes. The impact model provides estimates of the water content of crater deposits relative to
volatile content in the aquifer of Mars. These estimates together with the amount of water required to
initiate fluid flow in terrestrial debris flows provide an estimate of 21% by volume (7.6 × 107 km3)
of water/ice that was stored between 0.27 and 2.5 km depth in the crust of Mars during Hesperian and
Amazonian time. This would have been sufficient to supply the water for an ocean in the northern
lowlands of Mars. The existence of fluidized craters smaller than 5 km diameter in some places on
Mars suggests that volatiles were present locally at depths less than 0.27 km. Deposits of Martian
craters may be ideal sites for searches for fossils of early organisms that may have existed in the water
table if life originated on Mars.

INTRODUCTION

Many geomorphic studies of Martian layered ejecta
craters have been made. Most of the early workers concluded
that ice/water caused fluid like flow in crater deposits (Head
and Roth 1976; Carr 1977; Carr et al. 1977; Gault and Greeley
1978; Mouginis-Mark 1981; Greeley et al. 1980; Barlow and
Bradley 1990). Later, Schultz and Gault (1979) and Schultz
(1992) proposed that fine ejecta was winnowed from the
ejecta curtain by atmospheric deceleration, suspended in
winds generated by vortices, and deposited after ballistic
emplacement of ejecta. Barnouin-Jha and Schultz (1998) and
Barnouin-Jha et al. (1999) also studied this mechanism.
Boyce and Mouginis-Mark (2006) proposed that vortices
from atmospheric interactions or base surges may have
eroded inner layers and deposited material in the outer layers
of double layer ejecta craters (DLE). McSaveney and Davies
(2005) proposed that gases and inter-grain gliding could have
produced fluid flow of deposits. Ivanov (1996) used a
Bingham flow model to show that Bingham parameters for
deposit emplacement fell between those that are characteristic
of dry rock avalanches and volatile rich debris flows. The
model ratios of the deposit radii to crater radii were found to
depend on scale even for constant volatile content (Ivanov
and Pogoretsky 1996) suggesting that fluidization does not
depend on volatiles alone. Barnouin-Jha et al. (2005) and
Barnouin-Jha and Buczkowski (2007) provided a model of
ejecta runout that gave runout distances for crater deposits

that were similar to those of terrestrial dry rock avalanche
deposits, Martian landslides, and dry volcanic flow deposits if
it was assumed that impacting ejecta was well separated.
Runout distances were similar to those of volatile rich
terrestrial debris flows for assumed ejecta impact between
single body and well-separated ejecta impacts.

The large numbers of mechanisms that have been
proposed to fluidize crater deposits suggest the need for a
renewed critical evaluation of the role that volatiles may have
played in fluidizing deposits. It is the purpose of this paper to
use an impact model for emplacement of crater deposits to
determine whether crustal volatiles could have produced the
observed size distributions of craters with layered deposits.

A MODEL FOR EMPLACEMENT OF MARTIAN 
FLUIDIZED DEPOSITS

The solid lines in Fig. 1a represent streamlines of
excavation for ejecta exiting at radius rc from the center of a
growing impact crater. The percentage of volatiles in ejecta
at A and B and in this ejecta when it impacts around an
impact crater (Fig. 1b.) depends on the percentage of the
crater excavation streamline exiting at rc that traverses the
aquifer, the percentage of volatiles in the aquifer, and the
amount of volatiles added from ballistic erosion during
ejecta impact outside the crater. Ejecta impacting around the
crater can mix surface material into the crater ejecta if
impact velocity is high enough (Oberbeck 1975). In Fig.1b,
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a 20-meter depth of water is shown at the surface outside the
crater. This figure depicts emplacement of crater ejecta on a
surface water environment on Earth. Ballistic erosion at the
base of the ejecta curtain incorporates surface water and
sediments into the deposit and adds it to water and crustal
material from the primary crater. A ground surge of
fluidized ejecta and ballistic erosion material moves out
behind the ejecta curtain as in Fig. 1b. If surface volatiles are
absent, as on planets like Mars that lack appreciable
atmospheres, ballistic erosion outside the crater would mix
volatile poor surface material into the crater deposits and

dilute volatiles coming from the primary crater of
excavation. Thus, in order to determine volatile content of
Martian crater deposits, streamlines of crater excavation at
rc must be defined and launch velocities for each streamline
must be determined to find the percentage of volatiles in
ejecta, the range of deposition of primary crater volatiles,
and the amount of ballistic erosion at any point in the
deposit. 

Streamlines corresponding to each radius of launch rc are
obtained by using the following equation for streamlines
taken from the Z model (Croft 1980):

Fig. 1. a) Solid lines are streamlines for excavation of ejecta launched at various radii rc in crater of excavation. Dotted lines are ballistic
trajectories of ejecta containing volatiles from the crust. Ejecta curtain is at the location when the transient crater has formed and A and B show
positions of ejecta at that time in the ejecta curtain. b) Ejecta curtain has moved away from the crater rim, the crater has collapsed and the
ground surge of fluidized ejecta and eroded material containing surface volatiles has flowed along the ground behind the ejecta curtain.
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Rs = rc(1 − cosθ)  (1)

where θ is the angle of the streamline in polar coordinates and
Rs and θ define the path of the streamline for material being
excavated from the crater at rc. Equation 1 applies when Z in
the Z model is 3 and the origin of streamlines is at the surface.
It was used in this study to find the percentage of the
streamline below a given volatile table depth. For streamlines
of excavations following Equation 1, Fig. 2 shows a plot that
gives the percentage of a streamline that is below the depth h
of a volatile table expressed as a function of h/ rc. For
example, a streamline exiting at rc = 10 km where the volatile
table is h = 1 km is characterized by h/ rc = 0.1. From Fig. 2,
77% of the streamline exiting at 10 km is from below the 1 km
volatile table. If the aquifer does not extend to the
maximum excavation depth of a given streamline, the
percentage of the streamline below the lower boundary of
the aquifer is determined and subtracted from the
percentage below the upper boundary to find the percentage
of the streamline within the aquifer. The percentage of the
streamline within the aquifer as determined from Fig. 2 is then
equated to Xp, the percentage of primary crater ejecta from rc
that contains volatiles. This is needed later to compute water/
ice content at specific locations in crater deposits. Next, the
velocity of launch, V, of material ejected from each streamline
at rc is needed for calculation of range of transport of material
launched at each rc so that Xp determined for each streamline
can be used to compute volatile content at specific locations
in crater deposits.

Melosh (1989) adopted the following ejecta scaling
relationship of Housen et al. (1983) for the velocity of
ejection for material ejected from the excavation streamlines
at radius rc within a growing crater of final transient radius R
when gravity controls crater growth as for the crater sizes
considered here:

V = k(rc/R)−1.8(gR)0.5 (2)

g is the acceleration of gravity. Melosh (1989) assumed k equal
to 0.4 and −1.8 for the exponent, the values assumed here.
0.4 is the equal to the average value for k found in experiments
performed later by Cintala et al. (1999). –1.8 is near the average
for the values of −1.5, −1.8, and −2.4 for impact in basalt,
water, and quartz sand targets (Housen et al.1983).

From V, the range of ejecta transport beyond rc is
obtained from the classic ballistic equation:

rt = V2Sin 2ψ/g (3)

where ψ is ejection angle = 45 degrees when Z = 3 is assumed
in the Z model. Substitution of V from Equation 2 into
Equation 3, letting ψ equal 45 degrees and simplifying, gives
rt for material launched at rc for a crater of transient radius R:

rt = 0.16(rc)−3.6R4.6 (4)

It is assumed in this substitution of V that there is no
deceleration of material in the ejecta curtain depositing

material between R and 2 R because in this region the ejecta
curtain is continuous and would not be slowed by the
atmosphere even if present. In addition, this close to impact
the atmosphere would already have been pushed aside by the
impact vapor plume that advanced in front of the thick ejecta
curtain. 

Substituting Equation 4 for rt in the following equation,
the range r from the center of a transient crater of radius R of
ejecta that is launched at rc is:

r = rc + rt = rc + 0.16rc
−3.6 R4.6. (5)

For craters that are small enough to eject material at low
enough velocities that deposits are emplaced at r without
ballistic erosion of the surrounding surface materials, no
mixing of primary crater ejecta with surface material outside
the crater occurs. The percentage of ice/water in the ejecta, β,
impacting at r is:

β = (Ω/100) [ Xp ] (6)

where Xp is the percentage of the primary crater ejecta that is
from the aquifer (percent of the streamline exiting at rc that is
in the aquifer and that is transported to r) and Ω is the
percentage of volatiles in the aquifer. For example, if 50% of
the primary ejecta in a streamline at rc is material from the
aquifer (Xp = 50%) and if 50% of the material in the aquifer is
volatile material (Ω = 50%), that part of the ejecta impacting
at r (Equation 5) from this streamline would contain 25%
volatiles (Equation 6). The ratio of deposit volatile content
and aquifer volatile content for ejecta impacting at the
computed location r (Equation 5) in the deposit is: 

β/Ω = Xp/100. (7)

This ratio is convenient for determining which crater
sizes have deposits with higher volatile content relative to the
aquifer volatile content. It can also be used to calculate the

Fig. 2. Percent of streamline of excavation beneath depth h in the
crust plotted against the ratio h/rc.
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aquifer ice/water content Ω required to fluidize any part of a
crater deposit if the volatile content required to initiate fluid
flow in debris flows, β, is known.

For sufficiently large impact craters, primary crater
ejecta erodes near surface material when it impacts outside
the crater (Oberbeck 1975). This can either add volatiles or
dry material to crater deposits dependent on whether
volatiles are excavated by ballistic erosion when ejecta
impacts outside the crater. Oberbeck (1975) defined the
parameter µ as the ratio of ballistic erosion mass and
primary crater ejecta mass as a measure of the amount of
ballistic erosion. The amount of ballistic erosion in soil or
competent rock can also be derived from a cratering
efficiency Equation (ratio of crater displaced mass to
projectile mass) given for single body impacts when crater
growth is controlled by gravity (Melosh (1989):

πv = 0.2(1.61gL/ V2)−0.65. (8a)

This is taken to be appropriate for a regolith on a
megaregolith of formations shattered by impact. L is the size
of the projectile and V is impact velocity. L is taken here as
the thickness of the ejecta at the base of the ejecta curtain at r
and V is the ejection/impact velocity of ejecta impacting at r
of material launched at rc. For efficiency ratios up to five,
which are not exceeded in this study, values assumed for
single body impact are appropriate for impacting crater ejecta
(Petro and Pieters 2006). πv is reduced by one fourth the value
given in Equation 8a because ejected mass is one fourth
displaced mass. Ballistic erosion efficiency is thus one fourth
the value given by Equation 8a:

µ = .036(gL/ V2)−0.65 (8b)

where V (from Equation 2) is the ejection/impact velocity of
material launched at rc to range r (Equation 5), and where
ejecta thickness is L:

L = 0.12R0.74( r/R)−2.9 (9a)

L = 0.02R0.74(r/R)−2.9. (9b)

Equation 9a is for decay of ejecta thickness around an
impact crater, where R is transient crater radius when
dimensions are given in meters. I use the exponent −2.9 and
the constant 0.12 rather than the exponent −3.0 and the
constant 0.14 used by McGetchin et al. (1977) because I find
that these values provides ejecta volumes more in agreement
with excavation volumes predicted using the Z model for
impact crater ejection (Croft 1980). Equation 9b is expressed
in km. 

In order to check the validity of Equation 8b, let us
compare µ, the ratio of local ballistic erosion volume and
primary crater ejecta volume derived from the core
measurements in the deposit of the Ries crater (Hörz et al.
1977, 1983) to µ values given by Equation 8b. An ancient
pre-impact marine cliff line occurs at about 16.5 km from
the Ries crater impact point within the deposit area. Ballistic

erosion excavated fossils from the cliff line and carried them
as little as 2 km and as much 10 km outward in the debris
ground surge (Hörz et al. 1977). Thus a µ value for ejecta
impacting at 16.5 km may be calculated and compared with
µ values observed in cores found at average range r =
21.5 km. A thickness of .028 km of primary ejecta L was
determined at 16.5 km from Equation 9b and transient
radius =10.2 km for the Ries crater. V for material impacting
at 16.5 km was determined to be 320 m/s from Equation 2 and
rc = 6.1 km, the value corresponding to r= 16.5 km as given
by Equation 5. L and V are then substituted into Equation 8b
to give µ = 1.7. A core value of µ = 1.5 can be interpolated
at 21.5 km in deposits of the Ries crater from cores
measurements of erosion products at various radii in the
Ries deposit (Hörz et al. 1977, 1983) summarized in
Morrison and Oberbeck (1978). This agreement between
core measurements of ballistic erosion and model
calculations validates use of Equation 8b for calculating
ballistic erosion efficiency.

The percentage, by volume, β, of water in deposits of
impact craters that emplace deposits with ballistic erosion of
pre-existing ground around the primary crater, can be
expressed in terms of the volume of volatiles present in both
the primary ejecta and secondary ballistic erosion material,
both of which are given within the brackets in the numerator
of Equation 10 and the total volume of primary ejecta and
secondary erosion volume given in the denominator of
Equation 10:

β = 100[ (Ω/100)(Xp/100)Vp 
 + (Ω/100)( Xs/100)Vs] {Vp + Vs}−1 (10) 

where is Ω the percent of volatiles in the aquifer, Xp is the
percent of the primary ejecta that is derived from within the
aquifer, Xs is the percent of secondary ballistically eroded
material that is derived from within the aquifer, Vp is the
volume of the primary ejecta and Vs is the volume of
secondary ballistically eroded material in the deposit. Xs is
determined from the percentage of total excavation depth
from ballistic erosion that is in the aquifer:

Xs = {µ L- (depth of aquifer)/µ L}100. (11)

For 0 or negative values Xs = 0. Given that ejecta density
and ballistic erosion material are the same, Vs = µVp, and
Equation 10 can be reduced to Equation 12:

β = (Ω /100) [Xp + Xs µ] {1 + µ}−1. (12)

As a sample calculation assume that 50% of the crust
within the aquifer is volatiles (Ω = 50%). Assume that 50%
of the primary crater ejecta is material from within the
aquifer (Xp = 50%). If so, primary ejecta contains 25%
volatiles. Assume also that 25% of the ballistic erosion
volume is material from within the aquifer (Xs = 25%). Then
ballistic erosion material contains 12.5% volatiles. Finally,
assume that there is twice the amount of secondary ballistic
erosion material in the deposit as primary ejecta (µ = 2). The



Layered ejecta craters and the early water/ice aquifer on Mars 47

primary and secondary ejecta combined as the deposit would
then contain two parts ballistic erosion material and one part
primary crater ejecta and 16.6% ice/water since there is twice
as much ballistic erosion material as primary crater ejecta. It
is seen that Equation 12 gives the correct answer of 16.6%
for β because 16.6% is obtained by substitution of the values
in the parentheses above into Equation 12. Equation 12
reduces to Equation 7 for deposit emplacement with no
ballistic erosion if µ = 0 is substituted into Equation 12.
Equation 13 gives the ratio of percent volatiles in the deposit
and percent volatiles in the aquifer:

β/Ω = (100)−1 [Xp + Xs µ] {1 + µ}−1. (13)

For deposits of craters of the size considered in this study
(up to 166 km), ballistic erosion depth is less than 0.27 km.
Therefore, Xs in Equation 13 is 0 for all cases because the
absence of layered ejecta craters less than 5 km means that
the upper 0.27 km of the crust is volatile free. None of the
ballistic erosion material would therefore contain volatiles.
Equation 13 simplifies to:

β/Ω = (100)−1 [Xp] {1 + µ}−1. (14)

Thus, at any given position in the deposits of a crater,
either Equation 7 or Equation 14 was used with Xp and µ to
determine (β/Ω), the volatile content of the deposit relative to
aquifer volatile content. Selection of which equation that was
used depended on whether the velocity of impact of the ejecta
at r exceeded the velocity to cause ballistic erosion. If it did,
Equation 14 was used and if it did not Equation 7 was used.
Morrison and Oberbeck (1978) found velocities of 200−300
meters per second formed subdued secondary craters in the
regolith-mare basalt surface beneath the continuous deposits
of 25.5 km diameter lunar crater Delisle. At 16.5 km range
from impact point at the Ries crater, impact velocity in
weakly bonded surface sand was 320 meters per second. I
found µ to be 1.7 for deposit material set in motion at this
range, in agreement with observed values at final position of
deposition. Beyond 16.5 km from impact and 320 meters per
second emplacement velocity, µ increases rapidly.
Emplacement of ejecta on regolith-competent targets on the
Moon and weakly bonded material resting on competent rock
on Earth suggest that 320 meters per second may be taken as
that velocity required for onset of significant ballistic erosion
during impact of primary ejecta in the region of the
continuous deposits of impact craters formed in mixtures of
regolith and shattered and competent rock on Mars. Thus, for
ejecta impacting from streamlines that ejected material at
velocities greater than 320 m/s, Equation 14 was used to
calculate β/Ω for crater deposits.

RESULTS

A catalog of Martian layered ejecta craters produced by
Barlow and Bradley (1990) shows that most of the double

layered ejecta craters (DLE) are less than 25 km. Most of the
single layered ejecta craters (SLE) are also less than 25 km
but some occur up to 54.5 km within 35 degrees from the
equator and up to 66.5 km within 45 degrees latitude from the
equator. Multiple layered ejecta craters (MLE) craters are
mostly 25 km to 50km in diameter. Kuzmin et al. (1988)
report a minimum (onset) diameter between 4–7 km diameter
for layered ejecta craters in most regions of the low and
middle latitudes of Mars. Thus, a range of 5 to 60 km is
adopted here as the size range of layered ejecta craters in most
regions of the low and middle latitudes of Mars. The model
will determine whether there is any distribution of volatiles in
the crust of Mars that produces fluidized deposits of 5 to
60 km craters and non-fluidized deposits of craters smaller
than 5 km and larger than 60 km diameter. 

Equation 5 can be used to show that material ejected at
the same ratio of rc/R is transported in ballistic trajectories to
the same ratios of r/R for any transient crater size R.
Integration of Equation 2 of (Ivanov 1996) for Z model ejecta
volume shows that 84% of crater ejecta is excavated from
between rc = 0.54R and R. Substituting 0.54R for rc in
Equation 5 shows that 84% of crater ejecta impacts between R
and 2R. After impact this material moves in a ground surge
(Oberbeck 1975), to form the final continuous deposit.
Therefore, the volatile content of material impacting between
R and 2R and of material eroded by ejecta impacting in this
region is of interest in determining the effect of ice/water on
the nature of flow producing the continuous deposits of
Martian layered ejecta craters. Ice/water content in ejecta and
erosion material between R and 2R will be determined for
deposits of many test craters of different size. 

Test craters of 2.4 km, 3.2 km, 6 km, 9 km, 19 km, 38 km,
44 km, 60 km, and 100 km transient craters were used in the
calculations. This range in crater size corresponds to final
crater diameters of 3 km, 4 km, 7.5 km, 11 km, 25 km, 55 km,
65 km, 93 km, and 166 km, respectively. For craters less than
or equal to 6 km, final diameter is 1.25 times transient diameter.
For larger craters, the following relationship of Collins et al.
(2005) is used:

Df = .91 Dt
1.13. (15)

Test craters with transient diameters listed above will be
used to compute ice/water composition in deposits. Results in
this section will be presented graphically for final diameters. 

Because craters smaller than 5 km (4 km transient
craters) lack fluidized deposits in most regions of the low and
middle latitudes and because most of the ejecta in the deposit
comes from 270 m depth, volatiles appear to have been absent
in the upper <270 m of the crust. Because of this, and because
the largest of the layered ejecta craters excavates at most less
than 5 km depth, a aquifer extending from 270 meters to 5 km
depth is a reasonable starting candidate for a aquifer that
might produce the size range of layered and non-layered
ejecta craters. It will be the first aquifer tested. The volatile
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content in ejecta impacting between 1.1 and 2 multiples of
transient crater radius was computed for values of rc, between
.82R and .54R that propel material to these ranges. The
percentage of each streamline that traversed within the
aquifer (h = 0.27–5 km) was determined for each rc value
using the values used to prepare Fig. 2 for each crater and it
was equated to Xp. The range r in the deposit was then
calculated from rc (Equation 5) for each packet of ejecta
launched at rc. Xp was then used with Equation 7 to determine
the ratio β/Ω for each location in the deposits of craters whose
deposits were emplaced at velocity less than 320 m/s. For
those parts of deposits where ejecta impact velocity was
greater than 320 m/s, L was obtained from Equation 9b for
each r value and V was computed from Equation 2 for each rc
and corresponding r value. µ values for each r were computed
from Equation 8b using L and V for each r. β/Ω ratios at each
range were then calculated from Equation 14 using these µ
and Xp values.

Figure 3 shows the ratios, β/Ω, for deposits of all crater
sizes when volatiles are present between 270 meters and 5 km.
The ratios of deposit ice/water content and aquifer volatile
content of deposits of 7.5 to 55 km craters and deposits of
93 km and 65 km craters out to 1.6R and 1.8R, respectively,
are greater than 0.55, whereas they are less than 0.55 for
deposits of 3 km, 4 km, and 166 km craters and for distal
portions of impacting ejecta of 93 km and 65 km crater
deposits. The ratios are greater for 65 km and 93 km crater
deposits than for 7.5 km and 55 km crater deposits. For any
aquifer volatile content, the volatile content of 65 km and 93

km deposits out to 1.6R–1.8R would have been greater than
the volatile content of the deposits of 7.5 km to 55 km craters.
Since deposits of 7.5 to 55 km craters are fluidized and those
of 65 km and 93 km craters are not, an aquifer extending from
270 meters to 5 km depth is not possible. An aquifer between
270 meters and 3.5 km is also not likely because the β/Ω
ratios for deposits of 65 km craters are similar to those of
layered ejecta craters less than 60 km but deposits of 65 km
diameter craters are not fluidized in the low and middle
latitudes.

Figure 4 shows the ratio of deposit volatile percent and
percent volatiles in the aquifer, β/Ω, for deposits of 3 to 166
km craters when volatiles are present between 270 meters and
1.5 km. Deposits of 3 km and 4 km craters and deposits of
craters between 65 and 166 km have β/Ω ratios less than 0.24
and deposits of craters between 7.5 km and 55 km have ratios
greater than 0.24. For any aquifer volatile content, deposits of
7.5 km to 55 km craters will have higher volatile content than
deposits of craters less than 5 km and larger than 60 km. This
implies that this aquifer could have produced the observed
size distribution of layered ejecta craters. However, the
aquifer volatile content required to fluidize the crater deposits
from such a thin aquifer is not consistent with the porosity of
the Martian crust. 

It is possible that during Hesperian time, the volatile
could have contained liquid water that may have been ejected
from the craters. However, some or all of the volatiles could
have been ice. Stewart and Ahrens (2003) found that impact
pressure converted 50% of the ground ice to liquid water in

Fig. 3. For assumed volatiles between 0.27 and 5 km, the graphs show the ratio of percent volatiles in deposits and percent volatiles in the crust
(β/Ω) at r/R in deposits (left Y axis) and percent volatiles in the crust (Ω) necessary to fluidized deposits at r/R for craters between 3 and
166 km diameter, assuming 11% volatiles are required for debris fluid flow (right Y axis).
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primary crater ejecta and concluded that it would not have
been necessary for volatiles in the crust to be liquid water to
be able to fluidize crater deposits. Because all streamlines
cross isobars, all streamlines would have contained liquid
water that would have been mixed with ejecta. If volatiles in
the ground surge was partly ice, ice at grain boundaries with
silicates in the ground surge could also have been liquefied
during turbulent high speed ground flow because pressure at
grain contacts could have been sufficient to convert thin films
of ice at contacts to water. Fink et al. (1981) concluded that
terrestrial debris flows are analogs for Martian ejecta slurries
and that 11% or more by volume of water in Martian crater
deposits could prevented grain locking and would have
imparted fluid flow to crater deposits if there is a wide
assortment of particle sizes in debris (Rodine and Johnson
1976) as in impact ejecta. Pierson (1980) pointed out that
even water contents as low as 10% impart flow of terrestrial
debris on slopes as low as 8 degrees. Assuming 11% water/ice
was required to fluidize deposits, β/Ω ratios in Fig. 4 may be
used, with β = 11% to calculate Ω at each range r/R that
would have been needed to fluidized deposits. This
shows that Ω = 12% to 45% volatiles in the aquifer (the range
on the right Y axis between the dotted lines in Fig. 4) would
fluidize deposits of 7.5 to 55 km craters but not those of craters
less than 5 km and greater than 60 km in diameter. However,
the porosity of the Martian crust between 0.24 km and 1.5 km
would have been insufficient to accommodate the 45%
volatiles in the aquifer that would have been required to fluidize
most of the deposits of 55 km diameter craters. 

Clifford (1987) assumed a maximum surface porosity of

50% for a highly weathered megaregolith on Mars and used
the following relationship for the decrease in porosity with
depth, D, in the crust of Mars:

φ(z) = φ(0) exp (−D/2.82) (16)

where φ(0) is the porosity at the surface. Assuming the
maximum surface porosity of 50%, Equation 16 gives a
maximum porosity at 1.5 km depth of 29 %. Averaging over
the surface to 1.5 km depth, the average maximum porosity of
material ejected from the aquifer between 0.27 km and 1.5 km
depth is 39.7%. There would not have been sufficient porosity
in material ejected from the aquifer between the surface and
1.5 km depth to hold the 45% volatile content of the aquifer
required to completely fluidize ejecta of a 55 km layered
ejecta crater. Therefore, a 0.27 km to 1.5 km depth range of
volatiles is considered inconsistent with the full size range of
layered ejecta craters.

Figure 5 shows the ratio of deposit volatile content and
volatile content of the aquifer, β/Ω, as well as aquifer content,
Ω (right Y axis), required to fluidize deposits of 3 to 166 km
craters when volatiles are present between 270 meters and
2.5 km. Deposits of 3 km and 4 km craters and deposits of
those between 65 and 166 km have ratios of deposit volatile
content and aquifer content less than 0.52 and deposits of
those craters between 7.5 and 55 km final diameter have ratios
of deposit volatile content and aquifer content greater than
0.52. Thus, for any assumed aquifer content, volatile content
of deposits of 7.5–55 km craters will be higher than those of
deposits of 3 and 4 km craters and 65 to 166 km craters.
Assuming that as little as 11% volatiles would have fluidized

Fig 4. For assumed volatiles between 0.27 km and 1.5 km, the graphs show the ratio of percent volatiles in deposits and percent volatiles in
the crust (β/Ω) at r/R in deposits (Left Y axis) and percent volatiles in the crust (Ω) necessary to fluidized deposits at r/R for craters between
3 km and 166 km diameter assuming 11% volatiles are required to fluidize crater deposits (Right Y axis).



50 V. R. Oberbeck

deposits, aquifer content of 11.8%–21% volatiles would have
been sufficient to fluidize 7.5 − 55 km crater deposits (Fig. 5.)
and 21% aquifer content would not have been sufficient to
fluidize deposits of 4 km and smaller craters and those
larger than 60 km. Moreover, 21% volatile content is
consistent with the maximum permissible porosity of the
Martian crust. Assuming the maximum surface porosity of
50%, Equation 16 gives a maximum porosity at 2.5 km depth
of 20.6% The average maximum porosity of ejecta from
0.27 km to 2.5 km depth is therefore 35.3%. This exceeds the
21% porosity needed to accommodate the 21% volatiles that
would have fluidized deposits of 7.5 km to 55 km diameter
craters. Results suggest that 21% volatiles existed between
0.27 km and 2.5 km and this aquifer produced the range in
size of layered ejecta craters. Less than 21% volatiles would
have failed to fluidize deposits of the largest layered ejecta
craters. An aquifer containing more than 21% volatiles is not
possible because it would have fluidized deposits of craters
larger than 60 km (Fig. 5) that do not have layered deposits. 

DISCUSSION

If 11% water/ice caused fluid flow in Martian layered
ejecta crater deposits, the observed size range of Martian
layered and non-layered ejecta craters in the low and middle
latitudes would have been produced if ice/water was present
between 270 meters and 2.5 km depth in the crust with
concentration of 21% by volume. This volatile content is
consistent with an accepted porosity model for the Martian
crust. On a global basis, this represents 7.6 × 107 km3 water/

ice between 270 meters and 2.5 km in the Martian crust.
Crater size frequency analyses indicate that layered ejecta
craters date from the Hesperian and Amazonian periods
(Barlow 1990). During Hesperian time, this water/ice would
have been available in the crust in the low and middle
latitudes. It would have been sufficient to fill a proposed
northern lowland ocean (Parker et al. 1989, 1993) to shoreline
contact 2 if crustal volatiles supplied water to the outflow
channels emptying into the northern lowlands. Head et al.
(1999) measured the volume required to fill the northern
basins to contact 2 to be 1.4 × 107 km3 and they proposed that
water to fill the basins could have been supplied by the
Hesperian outflow channels leading from lower latitudes to
the northern lowlands.

The 0.27–2.5 km depth, 21% ice/water aquifer that was
derived here from the size range of layered ejecta craters is
consistent with the proposed depth and porosity of the
Martian megaregolith that could have held the volatiles. A 2–
3 km depth has been proposed for this combined porous,
ejecta of impact craters that rests on fractured basement rocks
(Davis and Golombek 1990). A reasonable surface porosity
of 31.8% for the megaregolith would have been compacted
with depth to a porosity of 28.9% at 0.27 km depth, 13.1% at
the megaregolith-basement interface at 2.5 km depth
(Equation 16), and an average porosity of 21%. Results
suggest little water in the fractured basement rock beneath the
megaregolith. This result is dependant on the size range of
layered ejecta craters in most places on Mars that has been
assumed here to be 5 to 60 km. While larger layered craters
are rare they do exist. If it assumed that craters as large as

Fig 5. For assumed volatiles between 0.27 and 2.5 km, the graphs show the ratio of percent volatiles in deposits and percent volatiles in the
crust (β/Ω) at r/R in deposits (left Y axis) and percent volatiles in the crust (Ω) necessary to fluidized deposits at r/R for craters between 3 and
166 km diameter, assuming 11% volatiles are required to produce fluid flow in crater deposits (right Y axis).



Layered ejecta craters and the early water/ice aquifer on Mars 51

65 km exist in most places, model results would permit an
aquifer between 0.27 and 3.5 km in most places. This would
imply liquid water also exists in the fractured basement rocks.

The ice/water layer concentration predicted from the size
range of layered ejecta craters also provides an explanation
for the size dependence of different types of Martian layered
ejecta craters. SLE and DLE make up 90% percent of layered
ejecta craters between 7.5 and 11 km diameter (Barlow and
Bradley 1990). β/Ω ratios for deposits of 7.5–11 km craters
(Fig. 5) can be used to show that average aquifer ice/water
concentration of Ω = 21% would have produced ice/water
content of β = 12.4–17.8% in deposits of both SLE and DLE
craters of this size. Self-similarity dictates that the size of the
continuous deposits of impact craters formed in targets of the
same composition (target material and volatile content)
should be the same relative to crater size when ejecta is
emplaced from low-angle ballistic trajectories and when
gravity controls crater growth (Melosh 1989 and Equation 5).
Therefore, the inner layers of DLE craters extending, on
average, to 2.5 Rf from crater centers (Barlow 2006) and the
entire continuous deposits of SLE craters extending, on
average, to 2.5 Rf (Barlow 2006) were the deposits that were
emplaced by ballistic trajectories followed by ground flow.
This is supported by the fact that they extend slightly farther
from crater centers than lunar crater deposits (2.35 Rf) that
were dry and that were emplaced by ballistic emplacement
(Melosh 1989). Low ejecta volatile content and low velocity
ground flow produced viscous appearing SLE deposits and
viscous appearing inner layer deposits of DLE craters that
were only slightly larger than deposits of lunar craters. This
finding is consistent with that of Boyce and Mouginis-Mark
(2006) who documented straight grooves cut into the inner
layers of DLE craters and curved radial lineations on the outer
layers of DLE crater deposits and suggested that some non-
ballistic high velocity medium scoured the inner layer ejecta
of DLE craters from near the rim outward and deposited
material in the outer layer after the inner layer was emplaced
by ballistic transport and ground surge. 

 MLE craters become dominant at 25 km (Barlow and
Bradley 1990). β/Ω ratios for 25 km craters given in Fig. 5
(.9–.95) show that average water/ice content of Ω = 21% in
the aquifer would have produced β = 19–20% water/ice in
MLE crater deposits, a higher concentration than for the
smaller SLE and DLE crater deposits. The reason for the
higher water/ice content is that depth of excavation of the
25 km MLE craters lies almost entirely within the typical
0.27–2.5 km aquifer (See also Fig. 12 of Barlow and Bradley
[1990] showing MLE craters forming mostly in the volatile
rich layer) whereas significant fractions of the excavation
volumes of smaller SLE, DLE craters were found here to be
outside the aquifer. The higher water content and ground
surge velocity of the ejecta ground surge of MLE craters
produced a more mobile and larger but thinner continuous
deposits for MLE craters. They extend, on average 3.17 Rf
from crater centers (Barlow 2006). Higher deposit volatile

composition and self-similarity permitted larger deposits than
for smaller SLE and DLE craters.

MLE make up a lower percentage of layered ejecta
craters larger than 25 km. SLE craters and craters having
some fluid structures and some features resembling lunar
crater deposits (diverse craters) combined are dominant above
40 km (Barlow and Bradley 1990). β/Ω ratios are from 0.52–
0.85 for deposits of 55 km craters (Fig. 5) indicating, for a
21% volatile aquifer, a deposit water/ice content of 11% to
17.8% for 55 km crater deposits, about equal to the ice/water
content of 7.5–11 km SLE crater deposits. Thus, deposits of
small and large SLE craters and large diverse craters have
similar and low ranges in volatile content because large SLE
and diverse craters eject about equal fractions of ejecta from
above and below the aquifer as small SLE craters eject from
above the aquifer. This accounts for the presence of SLE
craters and diverse craters above 40 km and the dominance of
SLE craters below 25 km. 

Previously, the change in morphology of Martian layered
ejecta crater deposits with crater size has been related to the
change in state of water with depth relative to the depth of
penetration of the crater, excavation to depths near the volatile
poor-volatile rich boundary, and the presence or absence of
ice/water determined by the depth of excavation of the crater.
Barlow and Bradley (1990) hypothesized that radial craters
greater than 64 km, similar to lunar craters, formed because
they excavated in volatile poor regions at greater than 4.34 km
depth. 8–20 km SLE craters were believed to be dominant
below 20 km because they sampled near surface ice between
0.75–1.63 km depth but MLE craters between 16 km and
45 km formed because they excavated into brines between
1.35 km and 3.24 km. Results presented here are consistent
with the presence of near surface ice and liquid water at depth
but considerations of streamlines for crater excavation point
to ejecta deposit volatile concentration as important for
determining the type of layered ejecta crater that forms. 

 Layered ejecta craters smaller than 5 km and larger than
60 km do not exist in most places in the low and middle
latitudes of Mars. Crater deposits resemble those of lunar
craters. β/Ω ratios in Fig. 5 are less than 0.52 for deposits of
craters smaller than 5 km and larger than 60 km. For Ω = 21%
volatiles in the crust containing volatiles, there would have
been less than 11% water in deposits of these craters, an
amount not sufficient to produce fluid flow. The dry crust
above 0.27 km and below 2.5 km makes up such a large
fraction of the craters of excavation of craters smaller than
5 km and larger than 60 km, respectively, that there was not
enough water/ice in the ejecta to fluidize crater deposits. In
addition, ballistic erosion occurred only for deposits of craters
larger than 60 km that incorporated very large amounts of dry
near surface material into deposits. Thus, while ballistic
erosion acted on Mars to reduce deposit fluidization for
craters larger than 60 km, it would have produced fluidization
in deposits of terrestrial craters larger than 25 km like those of
the Ries crater if near surface volatiles were present. 
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In places, ice/water must have been present at shallower
depths than 0.27 km on Mars because layered ejecta craters
smaller than 5 km occur in those regions. Reiss et. al. (2006)
and Demura and Kurita (1998) reported layered ejecta craters
less than 1.5 km in the east edge of Chryse Planitia. Barlow
et al. (2001) reported layered ejecta crater onset diameters
less than 5 km in the Solis and Thaumasia Planum regions.
For this reason, provided that ground surge velocity was high
enough, a higher percentage of small MLE craters might exist
where volatiles were present near the surface than in most of
the low and mid-latitude regions. 

Results presented here suggest that outer upper layers of
DLE craters cannot be explained by ground surge caused by
ballistic impact of crater ejecta. Boyce and Mouginis-Mark
(2006) hypothesized that either ground flow occurred from
crater rim outward in a non-ballistic emplacement phase
similar to a volcanic base surge or atmospheric interaction
with the ejecta curtain produced outer layers. Osinski (2006)
suggested that volatile rich impact melts formed outer upper
layers of DLE crater deposits on top of ballistic ejecta.
Formation of outer upper layers of DLE craters from
atmospheric drag on ejecta and the presence of SLE and DLE
craters near one another require that craters formed at times
when atmospheric pressure was different. Base surges require
a near vertical ejection curtain from high angle ejection to
feed the base surge over prolonged time near the crater rim so
that the base surge could have eroded the top of the inner
layer, that was deposited first. Vertical ejection columns exist
for impacts in water. If DLE craters formed in shallow surface
water, a vertical ejection column from the surface may have
produced a base surge following 45° angle deeper ejecta that
formed the inner layers of DLE crater deposits. However, this
explanation also requires frequent changes in atmospheric
pressure to account for periods where surface water would
have been stable. Still other mechanisms might explain outer
layer deposits of DLE craters. For example, target layering
can produce bimodal ejection angles so that high angle
ejection from the substrate can deposit material on low angle
surface ejecta.

The values for ratios of deposit volatile content and
crustal volatile content for layered ejecta crater deposits and
the resulting crustal volatile content that have been obtained
in this paper resulted from a series of linked calculations
using equations with many variables. These parameters
include the k value in Equation 2, that depends on target
porosity, the exponent in (rc/R)−1.8 in Equation 2 that ranges
from −1.5, −1.8, and −2.4 for impacts in basalt, water, and
quartz sand respectively, ejection angle, constants in
Equation 9b for L, onset of ballistic erosion velocity, and
the value of Z assumed for the Z model. Later studies
assuming different values reflecting uncertainties for these
parameters can be performed to generate error bars for
volatile concentration and distribution in the crust. For
example, lowering the onset velocity for ballistic erosion to
200 m/s would reduce the volatiles in deposits of 65 km and

93 km craters and permit a deeper aquifer. However, the
successful prediction of the size distribution of layered ejecta
craters from an aquifer consistent with the porosity of the
Martian crust suggests that volatiles are probably responsible
for fluidization of deposits. 

Estimates of volatile contents could be revised if crater
deposit scale affects the amount of water/ice needed to
fluidize crater deposits. An ejecta emplacement Bingham
model for Martian crater deposit emplacement gives model
parameters that are between those for dry flows and volatile
rich debris flows and it provides a potential methodology for
estimating volatile content of deposits (Ivanov 1996; Ivanov
and Pogoretsky 1996; Ivanov et al. 1997). Deposit scale was
found to affect the extent of flow of Martian impact crater
deposit material relative to crater size and it has been
suggested that this is due to scale dependent flow
characteristics. This suggests the possibility that large crater
deposits might require less water to fluidize crater deposits
than small ones. In this event, scale dependent percentages of
volatiles needed for deposit fluidization could be applied to
ratios of β/Ω found here for deposits of different size craters
to derive lower volatile content for the aquifer. 

What if more than 11% water/ice was required to fluidize
Martian crater deposits? If as much as 18% water/ice was
required to produce fluid flow in crater deposits, volatiles
would still be viable for fluidizing crater deposits. β/Ω ratios
in Fig. 5 are as small as 0.52 for the layered ejecta craters.
Thus, an aquifer water/ice percentage (Ω) as high as 34.6 %
would have been required to produce a value as large as 18%
and fluidize these deposits where β/Ω can be as small as 0.52.
The average porosity of 35% between 270 meters and 2.5 km
would have been sufficient to contain 34.6% volatiles in the
crust. If more than 18% was required to fluidize deposits, the
β/Ω ratios of deposits of 55 km craters would require more
than 35% volatiles in the aquifer to fluidize all of the deposits
of layered ejecta craters. The porosity of the crust would not
have been sufficient to hold this amount of water. In this case
volatiles would not have been effective agents for deposit
fluidization of the full size range of layered ejecta craters.

Cockell and Barlow (2002) suggested that Martian ejecta
blankets might be good sites to search for evidence of life-
forms. During Hesperian and Amazonian time layered ejecta
craters were present between 5 km and 60 km in most regions
in the low and middle latitudes suggesting that ice/water
existed deeper than 270 meters. In places volatiles must have
been present at shallower depths than 270 m because layered
ejecta craters much smaller than 5 km have been discovered
in the equatorial regions (Reiss et. al. 2006) and Demura and
Kurita (1998) reported layered ejecta craters less than 1.5 km
in the east edge of Chryse Planitia. Barlow et al. (2001)
reported such SLE crater onset diameters in the Solis Planum
and Thaumasia Planum regions. At earlier times in Martian
history before most of the layered ejecta craters formed, water
was likely present at or very near the surface and global
sterilizing impacts would have ended, thus permitting
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conditions suitable for the origin of life (Oberbeck and
Fogleman 1990). Organisms could have migrated to the
subsurface with the receding water table and organisms or
fossils would have been ejected from layered ejecta craters
that formed later. 

Deposits of Martian layered ejecta craters may be ideal
sites to search for fossils of primitive organisms on Mars
because the turbulence occurring during the ground surge of
deposit emplacement would have distributed them uniformly
in deposits. For example, the Devonian Alamo impact,
Nevada, occurred in shallow water and the crater excavated
pre-Devonian conodont fossils at pre-impact horizons in pre-
Devonian strata and mixed them uniformly into the fluidized
deposits of the Alamo impact deposit (Morrow et al. 1998).
Searches for fossils of organisms in deposits of Martian ejecta
craters might be aided by the fact that organisms living in the
deep water table or fossils would have been excavated and
they would have been mixed uniformly into the fluidized
deposits during deposit emplacement as they were for the
Alamo impact deposit. Random samples might yield samples
of microscopic fossils. On the other hand, search for fossils in
isolated stratigraphic positions in Martian rock formations
may be much more difficult because only limited vertical
horizons are typically fossil rich in terrestrial formations. 

CONCLUSION

The size distribution of Martian layered ejecta craters and
the change in the type of layered ejecta crater with size is
entirely consistent with the ballistic sedimentation of primary
crater ejecta as for lunar craters, but volatiles in ejecta account
for the different appearance of Martian crater deposits. In this
paper, an impact Z model for excavation of material from the
Martian crust has been used together with an ejection model
for impact craters whose growth is controlled by gravity to
determine the percentage of volatiles in the streamlines of
crater excavation and the range of impact of this ejecta in the
crater deposit. The extent of erosion of the surface area
outside the crater by the impacting ejecta was evaluated and
used to determine, with the percentage of volatiles in the
ejecta, the ratio of percentage of volatiles in the deposit and
the percentage of volatiles in the aquifer at any location where
ejecta impacted outside the crater. The percentage of volatiles
needed to fluidize debris flows in terrestrial debris flows was
used with these ratios to determine the depth of the aquifer and
percentage of volatiles in the Martian crust that was consistent
with the size range of layered ejecta craters. The observed size
range of craters could only be produced if volatiles were
present between 0.27 and 2.5 km depth at a concentration of
21% during Hesperian and Amazonian time. This would have
been more than enough to fill a northern lowland ocean from
Hesperian outflow channels draining some of the highlands
megaregolith to the south. This would seem to indicate loss of
some of the volatile inventory at middle and low latitudes to

the northern lowlands and eventually to space. The 0.27–
2.5 km ice/water-rich layer early in history is consistent with
the 2–3 km depth of the Martian megaregolith and a
previously published model for porosity of the Martian
megaregolith. The depth of the aquifer and its volatile
concentration is also consistent with the change in the type of
layered ejecta crater with size and with the absence of layered
ejecta craters for the size ranges observed on Mars. Finally,
these results, suggesting that ice/water fluidized layered ejecta
craters, point to the layered ejecta deposits as prime sites to
search for evidence of past life on Mars.   
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