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Abstract–Scaling laws describing crater dimensions are defined in terms of projectile velocity and
mass, densities of the materials involved, strength of the target, and the local gravity. Here, the
additional importance of target porosity and saturation, and an overlying water layer, are considered
through 15 laboratory impacts of 1 mm diameter stainless steel projectiles at 5 km s−1 into a) an
initially uncharacterized sandstone (porosity ~17%) and b) Coconino Sandstone (porosity ~23%).
The higher-porosity dry sandstone allows a crater to form with a larger diameter but smaller depth
than in the lower-porosity dry sandstone. Furthermore, for both porosities, a greater volume of
material is excavated from a wet target than a dry target (by 27–30%). Comparison of our results with
Pi-scaling (dimensionless ratios of key parameters characterizing cratering data over a range of
scales) suggests that porosity is important for scaling laws given that the new data lie significantly
beneath the current fit for ice and rock targets on a πv versus π3 plot (πv gives cratering efficiency and
π3 the influence of target strength). An overlying water layer results in a reduction of crater
dimensions, with larger craters produced in the saturated targets compared to unsaturated targets. A
water depth of approximately 12 times the projectile diameter is required before craters are no longer
observed in the targets. Previous experimental studies have shown that this ratio varies between 10
and 20 (Gault and Sonett 1982). In our experiments ~25% of the original projectile mass survives the
impact.

INTRODUCTION

Scaling laws to determine crater dimensions are defined
in terms of projectile velocity and mass, densities of the
materials involved, strength of the target, and the local gravity
(e.g., Holsapple and Schmidt 1982, 1987; Melosh 1989;
Holsapple 1993). Local conditions, such as the influence of
porosity, saturation of the target, and an overlying water layer
can also contribute to the nature of crater formation, as
discussed below. 

Influence of Porosity 

Porous targets are known to be poor transmitters of impact
shock because their component solids and void spaces present
extreme acoustic impedance mismatches. Multiple shock
reverberations thus occur at grain boundaries and dissipate the
energy into highly localized volume fractions of the target
compared to non-porous targets. In addition, the projectile’s
kinetic energy is partitioned more effectively into target heating,

spallation, disruption, and crushing of the grains to fill the void
spaces (Love et al. 1993). It would be expected, therefore, that
porous targets should displace less material in an impact event.
However, natural materials with high porosity often exhibit poor
cohesion and generally low compressive yield strengths. The
latter effect leads to an increased displaced crater volume per unit
incident kinetic energy (as predicted by Holsapple and Schmidt
1987). Love et al. (1993) conducted hypervelocity impacts of
soda lime glass projectiles into porous sintered aggregate glass
targets and found that increased target porosity leads to deeper
crater penetration. This is in contrast to our results (shown later)
where the higher porosity target yields a crater that has a larger
diameter but smaller depth than a lower porosity target. We also
observe that a greater volume of material is excavated from the
higher porosity material, whereas Love et al. (1993) observed
that the porous targets suffered roughly the same excavated crater
volumes than the more competent ones. The difference in
dimensions is likely to lie in the differences in strength and
densities of the two different targets used, as it is difficult to
separate the specific effect of either porosity or strength.
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Influence of Saturation

Experimental studies have shown that the brittle strength
of a rock is reduced in the presence of water (e.g., Baud
et al. 2000) and that fluids are likely to change the mode and
extent of impact induced failure in rocks (Ahrens and
Rubin 1993). Indeed, we have observed experimentally that
the presence of water will reduce the yield strength of our
sandstone by almost a half (see next section). Although we
observe different crater morphologies to Schaefer et al.
(2006), we do find that a greater volume (up to 30%) of
material is excavated from a wet target than a dry target. It is
important to note that Schaefer et al. (2006) performed impact
experiments using centimeter-sized projectiles; we have
carried out similar impact experiments using millimeter-sized
projectiles. Therefore, any differences in the observed output
may be attributed to this difference in scale, particularly when
considering the scale of the projectile relative to the scale of
the grain and/or pore size of the target. Scaling issues have
been addressed in more detail later in this paper. For large
planetary impacts it may be possible that the target is
mechanically disrupted by expanding steam after the passage
of the shock wave, which increases the volume and enhances
cavity growth in comparison to dry rocks. This interpretation
was suggested in a preliminary study by Schaefer et al.
(2006).

Influence of an Overlying Water Layer

Given the prevalence of oceans on the Earth, the effect of
an overlying water layer on crater dimensions and projectile
survivability was also considered in this work. The mechanics
of the impact cratering process into water varies somewhat to
the standard continental impact model (as described in
Melosh 1989). The traverse of the projectile through the water
layer will initially cause a void to form within the water; if
this cavity is deep enough the projectile will directly impact
the ocean floor. The cavity created in the water will collapse
giving rise to a central peak of water that will also collapse
and propagate out from the impact site, in some cases
resulting in a tsunami (e.g., Ward and Asphaug 2000; Gisler
et al. 2003; Korycansky 2007). Although the transient crater
will form in much the same way as an impact on land, the
modification of this crater is significantly different due to the
resurge of water into the transient crater cavity. In addition,
the water layer significantly slows the projectile prior to
impact with the solid target, reducing the peak shock
pressures produced both within the projectile and the target
site (Artemieva and Shuvalov 2002; Wünnemann and Lange
2002), which are dependent on the vertical component of the
projectile’s velocity (Pierazzo and Melosh 2000a, 2000b).
Consequently, when the water depth is significantly greater
than the projectile diameter no crater forms on the ocean floor
(e.g., Shuvalov and Trubestkaya 2002). Both laboratory

experiments (Gault and Sonett 1982) and detailed numerical
simulations (e.g., Shuvalov and Trubestkaya 2002) have
shown that there is a critical water depth at which no
underwater crater forms, dependent on the target basement
material and the parameter d/H, where d is the impactor
diameter and H is water depth. Although there is a large
difference in velocity between those investigated in the lab
(~1–6 km s–1) and those investigated through simulations
(~20 km s–1), the critical d/H ratio remains similar for the two
techniques. It has been suggested by Shuvalov and Trubestkaya
(2002) that the critical d/H ratio is <0.1, a value attributed to
work by Gault and Sonett (1982) on loosely consolidated
water-saturated sand targets. Interestingly, although the value
of 0.1 results from the authors’ application of their experiments
to a standard impact situation, the experimental data itself
indicates that this value is 0.05, i.e., a water-depth-to-projectile-
diameter ratio of 20. Gault and Sonett (1982) have also shown
experimentally  that  for  velocities  of  less  than  3 km s−1

projectile survivability increases with increasing water depth. 
In this work, we investigate impacts into saturated and

unsaturated sedimentary targets with an overlying water layer
for water depths of 0–12 mm, where 12 mm is found to be
the limiting water depth for crater formation for our 1 mm
projectile diameter impacts. We also present results for
projectile survivability at hypervelocities attainable in the
laboratory, i.e., ~5 km s−1, which represents the lower regime
of hypervelocity planetary impacts.

METHODOLOGY

Initial rock preparation and characterization was carried
out in the Rock Physics Laboratory at University College
London on two types of sandstone. Our initial experiments used
an uncharacterized  sandstone  for  which we determined a
2.18 g cm−3 density, typical grain size of 0.4 mm, and a
porosity of ~17%. Experiments using this sandstone will be
referred to as ‘pilot test’ sandstone in this work. Subsequent
tests used Coconino Sandstone (density = 1.78 g cm−3, typical
grain size of 0.15 mm and porosity ~23%) selected for its
prevalence at the Meteor Crater impact site (Shoemaker and
Kieffer 1974). It has been suggested that the presence of
pore water, perhaps related to the proximity of a water
table to the impact site, may have influenced the mode in
which the target material failed upon impact (Kieffer et al.
1976). 

Cylindrical core samples of our pilot test sandstone were
cored from the same block and precision-ground to a length
of 75 mm and a diameter of 25 mm. The samples were either
oven dried to 80 °C lab standard or were saturated in distilled
water under a vacuum (pressure = 0.133 Pa) for at least 48 h
prior to experimentation. The core samples were used to
determine porosities and yield strengths, while blocks 100 ×
100 × 60 mm were prepared for the impact experiments. The
porosity was determined through the following relationship:



Laboratory impacts into dry and wet sandstone with and without an overlying water layer 1907

Φ =  * 100% (1)

where Φ = porosity, mf is the saturated (final) mass, and mi is
the unsaturated (initial) mass of the core sample, V is the
volume of the core sample, and ρ  is the density of water.
This was repeated twice for each sandstone and an average
porosity determined (see Results section). Yield strength
experiments were conducted using an unconfined uniaxial
compression apparatus (servo-controlled, 200 kN universal
load frame) and were performed at a constant strain rate
(10−5 s−1) until the sample failed. All experiments were
carried out under ambient laboratory conditions, with
temperatures ~20 °C. The unconfined compressive strength of
the cored pilot test sandstone was determined to be 90 MPa
for the dry core and 43 MPa for the saturated core. Typical
values for the compressive strength of the Coconino Sandstone
are approximately 74 MPa for a dry target (Lama and Vutukuri
1978).

The impact shots and analyses were performed at the
University of Kent, where the two-stage light gas gun
(Burchell et al. 1999) was used to accelerate 1 mm diameter

stainless steel 420 projectiles at velocities of approximately
5 km s−1. In all experiments, the target chamber was
evacuated to 5 kPa. This is higher than the normal 20–50 Pa
that is usually required to prevent deceleration of the
projectile in flight. However, it is necessary in the presence of
water to use the higher pressure to prevent the water from
boiling. Fortunately here, the use of 1 mm projectiles allows a
higher target chamber pressure to be used without significant
deceleration of the projectile.

The method of target preparation is dependent on
whether a water layer is required. When the target does not
require a water layer, it is placed into a standard target holder
that is secured to the door that opens into the target chamber.
When considering an oceanic impact, the target preparation is
significantly different (Fig. 2). Given that the light gas gun is
not capable of firing vertically, the water is contained in a low
density polythene bag (approximately 29 µm in thickness) to
prevent it from flowing away prior to the shot. Extensive
feasibility testing (Milner 2007) has shown that the bag does
not affect the cratering process in any discernible way. The
depth of the water layer that the projectile impacts into is
varied by adjusting the position of the clamp. The bag
containing the water is held firmly in place to prevent it from

Fig. 1. The University of Kent’s two-stage light gas gun (left) and a schematic of the light gas gun (right). The gun is approximately 5 meters
in length. For details of its operation, please see Burchell et al. (1999).

Fig. 2. Series of images showing the water target configuration. a) Face view of the water target. b) Side view of water table and clamp. c) Face
view of water target with splash guard. The target holder comprises a water tray used to contain the water after the impact, a target table where
the rock target is placed, a water target clamp which holds the water layer in position, and the splash guard which is placed over the target to
minimize the amount of water and projectile that can escape during the impact. The target clamp has five windows, the largest of which is the
primary target window through which the projectile passes.

mf mi–( )
VρH20
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H20
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bulging out of the target window. The smaller windows are
used to the tape the bag in place, ensuring the water depth is
uniform across the main window. The windows are also
necessary to allow the water to escape in the impact; without
them a wave-like surge would propagate through the water
layer and potentially deform the target clamp. The target
arrangement is placed into the target chamber itself as
opposed to being fixed to the chamber door.

ANALYTICAL TECHNIQUES

For all experiments, the crater diameter, depth and
volume were analyzed. The crater diameter was determined
by using digital callipers to measure the diameter at a
number of cross sections. Given the small-scale nature of
the impact craters produced in the lab, it is very difficult to
separate the effects of spallation from the true impact crater.
Through our own estimates we have found that the
measured diameter (presented in Table 1) is between 14%
and 25% greater than the estimated transient crater
diameters for the dry and wet targets, respectively. For the
purpose of this paper, and to facilitate comparison to other
literature (e.g., Schaefer et al. 2006), we discuss the
measured (spallation) diameter.

A 2-D profilometer system was used to measure the
depth below the pre-impact surface at 1 mm increments over
a cross section of the crater. To determine the volume of the
crater cavity we used uniform, fine-grained spherical glass
beads with diameters of a few micrometers. The beads were
poured into the crater until the cavity was uniformly filled.
The mass of beads required to fill the cavity was converted to
volume by using a predefined calibration graph (Milner
2007). 

For impact events with an overlying water layer, it was
possible to retrieve fragments of the projectile after the
impact event. The material excavated from the crater was

filtered using distilled water and Whatman grade 1 filter
paper. The filter paper was then dried using an industrial
strength hot air blower. The steel (magnetic) projectile
fragments were separated from any rock fragments using a
strong magnet, placed in a separate container, and weighed
using a fine torsion microbalance (sensitivity ±0.5 ng).

RESULTS AND DISCUSSION

In the first shot program (Tables 1 and 2) two initial
experiments used the pilot test sandstone blocks with a
density of 2.18 g cm−3 (unsaturated) –2.35 g cm−3 (saturated)
and a porosity of ~17%. Two subsequent tests performed
impacts into Coconino Sandstone (density = 1.78 g cm−3

[unsaturated] –2.01 g cm−3 [saturated] and porosity ~23%),
selected for its relevance to the Meteor Crater impact site.
In the second shot program (Table 3) eleven further shots
were performed into saturated or unsaturated pilot test
sandstone with over lying water layers of varying depth. In all
cases 1 mm diameter spherical stainless steel 420 projectiles
were fired at an average 5.04 km s−1 (±0.08 km s−1).
Individual velocities for each shot were measured to ±1% (see
Burchell et al. 1999) and are recorded in Tables 1 and 3,
accordingly. Profiles for all impact craters are shown in
Figs. 3–4 (note: vertical scales have been exaggerated).

Influence of a Porous Target

Initial results indicate that the higher porosity sandstone
allows a crater with a larger diameter to form than in the lower
porosity sandstone, for both saturated and unsaturated
scenarios (Table 1). The higher porosity sandstone produces
craters of a greater volume than the lower porosity sandstone
by a factor of approximately 3. This observed increase in
cratering efficiency with target porosity is in conflict with
previous experiments (e.g., Love et al. 1993) that produced
craters of similar excavated volume despite a wide range in
porosity (between 5% and 60%) and subsequently strength. In
addition, Love et al. (1993) observed that increased target
porosity leads to deeper crater penetration; in our
experiments, we find that increased porosity leads to
shallower crater depths. Because our results are comparing
two porous materials which also have different densities and
strengths, this may also influence the observed crater

Table 1. Crater dimensions produced in sandstone with a two-stage light gas gun. The data for the pilot test sandstone is 
repeatable; see the data for water depths of 0 mm in Table 3 for comparison.

Sample
Density
(g cm−3)

Porosity
(%)

Crater diametera

(mm)
Crater deptha

(mm)
Crater volumeb

(cm3)
Impact velocityc

(km s-1)

Pilot test 
sandstone

Dry 2.18 16.76 ± 0.08 20.50 4.41 0.40 5.03
Wet 2.35 16.76 ± 0.08 22.28 4.86 0.52 5.08

Coconino 
Sandstone

Dry 1.78 22.70 ± 0.25 23.87 3.65 1.19 5.10
Wet 2.01 22.70 ± 0.25 40.01 4.52 1.51 4.90

aAccuracy ±0.01 mm; bAccuracy ±0.01 cm3; cAccuracy ±1%. 

Table 2. Percentage increase in crater dimensions for 
saturated versus unsaturated targets.

Sandstone Diameter Depth Volume

Pilot test, this work 9% 10% 30%
Coconino, this work 68% 24% 27%
Seeberger, 
Schaefer et al. (2006)

18% −20% 54%
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dimensions. It is therefore difficult to conclude whether the
difference in crater size is solely due to the porosity difference
between the two sandstone targets.

Influence of a Saturated Target 

We find that under impact, a wet target allows a greater
volume of material to be excavated than a dry target (Table 2).
Indeed, for both porosities, the crater is wider and deeper in
the saturated targets than the unsaturated targets. For the
unsaturated experiments, the higher porosity sandstone
produces craters 16% wider but 17% shallower than the lower
porosity sandstone (Table 1). For the saturated experiments,
the higher porosity sandstone produces a crater 79% wider
and 6% shallower than the lower porosity sandstone
(Table 1). This is perhaps an intuitive outcome given the
significantly lower yield strength of wet sandstone to dry
sandstone (the pilot test sandstone was found to have a dry
strength of 90 MPa but a wet strength of 43 MPa). The dry
Coconino Sandstone is quoted as having a dry strength of
~74 MPa (Lama and Vutukuri 1978); it would therefore be
reasonable for the wet strength to be roughly half the dry
strength. We see that Schaefer et al. (2006) observe a
shallower depth and larger diameter in the saturated target
than the unsaturated target; for both our sandstone samples,
we observe a greater depth in the wet target than the dry. In
addition to the different strengths of the sandstones used in

these studies, the respective scale of the two experiments may
play an important role in this outcome; our experiments were
performed with millimeter-scale projectiles while Schaefer
et al. (2006) used centimeter-sized projectiles. While the
impact  velocities  in  the  two  experiments  were  similar
(~5 km s−1), the target sandstones have different porosities,

Fig. 3. Plots showing crater profiles in various combinations to compare sandstones of different porosities and saturations using data from Table 1.

Table 3. Crater dimensions for pilot test sandstone with 
increasing water depth.

Water 
depth
(mm)a

Impact 
velocity 
(km s−1)b

Crater 
diameter
(mm)c

Crater 
depth
(mm)c

Crater 
volume
(cm3)d

Unsaturated sandstone
0 5.03 17.03 4.09 0.52
2.5 5.00 12.23 2.85 0.14
5 4.97 10.62 2.42 0.16
7.5 4.98 7.26 1.58 0.073

10 5.22 2.05 0.23 Negligible

Saturated sandstone
0 4.99 22.30 4.26 0.400
2.5 5.17 13.87 3.68 0.153
5 5.02 12.84 2.25 0.087
7.5 5.11 10.32 1.98 0.033

10 4.96 2.88 0.76 Negligible
12 4.97 1.82 0.24 Negligible

aAccuracy ±0.1 mm. 
bAccuracy ±1%.
cAccuracy  ±0.01 mm.
dAccuracy ±0.007 cm3.
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and, in addition, Schaefer et al.’s (2006) target is layered in
porosity, ranging from 12–20%, and is only 44% saturated
whereas ours are close to 100% saturated. Variable porosity
and saturation, and the effect this may have on crater
formation, may provide the focus for future modeling
attempts. 

Influence of an Overlying Water Layer

Oceanic impacts are represented in the laboratory by
impacting 1 mm diameter stainless steel projectiles into
sandstone targets with overlying layers of water up to 12 mm
deep. In general, a saturated target enhances crater growth;
crater dimensions decrease linearly as water depth increases,
for both saturated and unsaturated targets (Figs. 5 and 6),
while crater volumes follow an exponential decrease with
increasing water depth (Fig. 7). By extrapolating the fits in

Figs. 5 and 6 to the point at which no crater forms, it can be
seen that an average water depth of 11.6 ± 0.5 times the
projectile diameter prevents crater formation in the
unsaturated target; the corresponding value for a saturated
target is 12.7 ± 0.6. This lies within the water-depth-to-
projectile-diameter ratio range predicted by Gault and Sonett
(1982) and Shuvalov and Trebestkaya (2002). However,
Gault and Sonett (1982) derived their prediction based on
experiments into sand, a much weaker material than the
sandstone used in our experiments. Indeed, the experimental
data of Gault and Sonett points to a d/H value of 0.05,
therefore our values are consistent with the idea that strength
plays an important role in this value, i.e., a stronger target
requires a larger d/H ratio to prevent cratering than loosely
consolidated strata. Other factors can influence this ratio,
such as impact angle and projectile density and composition.
For example, it would be reasonable to expect a nickel-iron
asteroid (density = 7000–8000 kg m−3) to create a larger
impact crater than a typical chondritic impactor
(density = 3400 kg m−3), therefore more dense impactors may
require a greater water depth for this d/H limit to be achieved.
Our projectile material is stainless steel, comparable in
density to an iron impactor, therefore our results are likely to
represent an upper limit to the d/H ratio, when considering
only projectile material.

The change in scale of the impact from lab to planetary
scale may also affect the d/H value, given that the strength
of the rock typically decreases as the loading duration
increases. Because loading times increase with the size

Fig. 4. Crater profiles for (a) saturated sandstone with an overlying
water layer of varying depth, and (b) unsaturated sandstone with an
overlying water layer of varying depth using data from Table 3. For
the saturated sandstone, no crater is observed when the water depth is
>12 mm, for the unsaturated sandstone no crater is observed when the
water depth is >10 mm. At these limiting values only a scar on the
rock surface is observed.

Fig. 5. Decrease in crater diameter for increasing water depth for (�)
saturated and (�) unsaturated sandstone targets. For raw data see
Table 3. R2 is the square of the regression coefficient and indicates a
good fit was obtained. The value A is the maximum crater diameter
(mm) achieved with no overlying water layer. The value B is the
gradient of the linear fit. When focusing on crater diameter, no
observable crater can be detected when the water-depth-to-projectile-
diameter ratio is 12.8 ± 0.6 for the saturated sandstone and
12.1 ± 0.64 for the unsaturated sandstone.
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scale of the impact event, larger targets are effectively
weaker than smaller ones (e.g., Housen and Holsapple
1999). Indeed, Housen and Holsapple (1999) have shown
that for collision tests where the kinetic energy per unit
target mass and impact velocity were kept constant, the
target damage became increasingly severe as the size scale
increased—a result of effective weakening of the target at
larger size scales. We can therefore postulate that our lab
specimens are actually stronger than their large-scale
counterparts. This would suggest that for impacts into water
the critical d/H value could in fact be smaller for large
impacts than for lab ones. In addition, for loosely
consolidated materials such as sand, there is undoubtedly a
gravity-related component of crater formation. However, the
late-time growth of an underwater crater is also dominated
by gravity, so in both strength and gravity-dominated
bottom materials it is likely that there is a scale dependence
in the critical d/H ratio. 

Projectile Survivability

For impacts with a water layer present, we detect partial
projectile survivability in all scenarios investigated in this
work. If a crater is produced, however, fragments of the
surviving projectile become fused to the sandstone grains,
producing large uncertainties in analyzing the surviving mass.
For the saturated target with a 12 mm deep “ocean,” only
scarring of the sandstone occurred, therefore there was no
contamination of the projectile fragments. In this case, we

extracted ~25% of the original mass of the projectile. It may
be expected, therefore, that a significant amount of material
may also survive a planetary-scale impact into water.
Moreover, while material interpreted as fragments of the
parent meteorite have been recovered from large oceanic
impacts such as Eltanin (Kyte 2002), a recent discovery has
shown that fragments can also survive impact into a
continental basement, as found in the Morokweng crater,
South Africa (Maier et al. 2006). For our dry impacts,
projectile survivability could not be estimated due to the
surviving projectile fragments being fused into sandstone
grains, preventing uncontaminated projectile extraction.
Projectile survivability at a planetary scale is discussed in
more detail later in the paper.

Pi-SCALING

A common approach to impact crater scaling is through
Pi-group scaling, a technique that is based upon determining
the relationships between dimensionless ratios of the
parameters which are involved in the impact process (Melosh
1989). These include the transient crater diameter Dt, crater
volume V, target and projectile densities ρt and ρp, planetary
gravity g, projectile mass m, impact velocity vi and target
strength Y. The main relationships are defined as: 

πD = Dt  (2)

π2 =  (3)

Fig. 6. Decrease in crater depth for increasing water depth for (�)
saturated and (�) unsaturated sandstone targets. For raw data see
Table 3. R2 is the square of the regression coefficient and indicates a
good fit was obtained. The value A is the maximum crater depth
(mm) achieved with no overlying water layer. The value B is the
gradient of the linear fit. When focusing on crater depth, no
observable crater can be detected when the water-depth-to-projectile-
diameter ratio is 12.7 ± 0.6 for the saturated sandstone and
11.2 ± 0.36 for the unsaturated sandstone.

Fig. 7. Decrease in crater volume for increasing water depth for (�)
saturated and (�) unsaturated sandstone targets. For raw data see
Table 3. R2 is the square of the regression coefficient and indicates a
good fit was obtained. The value A is the maximum crater volume
(cm3) achieved with no overlying water layer. The value t controls the
rate of decay of the exponential fit. 

ρt
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π3 =  (4)

π4 =  (5)

where πD is a dimensionless measure of the crater
diameter, π2  represents the gravity-controlled cratering
regime, π3 is the strength-controlled cratering regime, and π4
is the ratio of target and projectile densities. For experimental
research, data is generally presented in terms of the volume
excavated or mass displaced from a crater. The dimensionless
parameter πv is then defined as:

πv =  (6)

This quantity is the ratio between the mass displaced
from the crater (ρt V) and the mass of the projectile (m), and is
commonly referred to as the cratering efficiency. Given that
we have performed experiments at the lab scale, our craters
are dominated by the strength regime, hence we use the π3
relation to compare with the cratering efficiency πv. This is
comparable to extensive research conducted for impacts onto
ice (e.g., Burchell and Johnson [2005] and references therein)
and competent rock (e.g., Milner 2007). Our results are
presented alongside these results in Fig. 8. From Fig. 8 it
can be seen that the fit  to  the rock and  ice data  is of  the
form πv = a π3

b, where the constants a and b are 0.73 and −1,
respectively. However, the data for the sandstone lies
significantly beneath this trend, while maintaining a similar
gradient. This suggests that the factor b remains similar while
the factor a is reduced by an order of magnitude. It is difficult
to determine b accurately due to the limit in the range of π3,
and consequently more data points over a larger range are
required to determine the reliability of this result. 

Interestingly, it was highlighted by Melosh (1989) that
the Pi-group scaling neglects some information regarding

material properties. This was originally thought to be the angle
of internal friction of the target material, but experiments and
theoretical studies now support the idea that porosity is the
missing term. The angle of internal friction may still play a
role, particularly for granular materials such as sand, regolith
or soils, as illustrated in Melosh (1989) for the gravity regime
where sand forms a distinctly separate trend line to those
which represent water, limestone, competent rock, and
saturated soil targets (which all lie close to each other). In
addition, it was also highlighted by Burchell and Johnson
(2005) that no detailed consideration of how a porous target
may change the Pi-scaling relationships themselves, other
than by lowering the target density, had really been
considered in great detail. Therefore, our results strengthen
the argument for considering porosity as a critical factor in
deriving universal scaling laws. The missing porosity term
(defined as π5 after Melosh [1989]) would be required in the
Pi-group equations to ensure similarity between all materials,
i.e., between porous and non-porous materials. Based on our
very initial observations of where the new sandstone targets
lie on this graph, it is apparent that πv requires multiplication;
for the trend line shown here, this equates to a factor of 10.
For non-porous materials this multiplication factor would
be 1. This is obviously only a very preliminary observation
based on just a few sandstone samples. In future work, we
will investigate a wider range of velocities and other porous
materials to cover a larger range of π3 values. It would also be
insightful to study sandstones with either similar porosity but
different strength, or similar strengths but different porosities,
in an attempt to separate the effect these two parameters have
on the proposed π5 term.

Implications for Large Planetary Impacts

While it is with some caution that laboratory impact
events can be directly scaled to large planetary impacts, we
can draw on our results to make predictions for the influence
of porosity, saturation and an overlying water layer on crater

Fig. 8. Pi-scaled data for π3 versus πv, see text for further explanation.

Y
ρpvi2
-----------

ρt

ρp
-----

ρtV
m

--------



Laboratory impacts into dry and wet sandstone with and without an overlying water layer 1913

formation and projectile survivability in planetary impacts.
Indeed, while many numerical models produce excellent
agreement with observed crater morphology, the restrictive
nature of material modeling generally precludes consideration
of initial material conditions such as water saturation. It is
only recently that porosity has been noted as an important
consideration for modeling impacts into asteroids (Housen
and Holsapple 2003); it is also an extremely important
consideration when attempting to model and understand
impacts into sedimentary basements, for example the Meteor
Crater impact site. To this end, attempts are being made to
implement a better representation of porosity effects into
numerical codes (e.g., Wünnemann et al. 2006). Also relevant
to Meteor Crater is the presumed presence of a water table,
which may in part have caused the impact site to be partially
saturated (Kieffer et al. 1976), perhaps reducing the strength
of the target and affecting the way in which it failed under
impact. 

The consideration of an overlying water layer in the
laboratory is of indubitable importance to terrestrial
cratering, given the greater area of ocean to land creating a
bias towards oceanic impacts. Where most of the projectile
is destroyed in a continental impact, significant proportions
of the projectile remain in an oceanic impact. This has
important implications for both the successful delivery of
extraterrestrial organic material to the Earth (Milner et al.
2006) and for the theory of panspermia (Melosh 1988;
Burchell 2004). However, it is possible that as the projectile
scales from laboratory to planetary impact sizes, there may
be changes in both the fraction of projectile that survives
intact and the size distribution of the fragments. Moreover,
and as previously discussed, the effect that size scaling has
on the strength of the target will affect the interpolation of
the d/H ratio to planetary scale. Based on the assumptions of
Housen and Holsapple (1999), we can infer that our lab
specimens are actually stronger than their large-scale
counterparts. This would imply that, for impacts into water,
the critical d/H value could in fact be smaller for large
impacts than for lab ones. In addition, insight into how much
energy remains at the point of impact on the ocean floor after
the projectile has been decelerated by the water column
would further our understanding on how this effects the d/H
ratio. The interaction between the impactor and the water
column at a planetary scale is explored through numerical
modelling by Wünnemann and Lange (2002).
Unfortunately, details of the extent of deceleration on the
projectile by the water column have yet to be determined in
the lab, although the process is probably similar to the way
in which a projectile is slowed by an atmosphere, as
discussed by Melosh (1989) and Chyba et al. (1993). Many
of the issues in scaling could be addressed with detailed
hydrocode modeling, but appropriate input would have to
be made for the influence of porosity. 

CONCLUSIONS

We show through experimental techniques that target
porosity and saturation affect resultant crater dimensions. Our
experiments reveal that higher porosity targets and saturated
targets yield a larger crater than lower porosity targets. When
interpreting our sandstone results with Pi-scaling, we find that
both our results and that of Schaefer et al. (2006) lie below the
trend line of non-porous materials, when considering the
strength regime of crater scaling. Although it is difficult to
isolate the individual effect of porosity on crater formation
due to the differing strengths and densities of the targets used
in this study, it is likely that porosity is a strong influencing
factor of where the sandstone data points lie, as postulated in
Melosh (1989), and because the π3 term already accounts for
differences in target strength and density. In future work we
will investigate a wider range of velocities and other porous
materials to cover a larger range of π3 values. It would also be
insightful to study sandstones with either similar porosity but
different strength, or similar strengths but different porosities,
in an attempt to separate the effect these two parameters have
on the proposed π5 term. 

When considering impact events where a water layer is
present, we observe an approximately linear decrease in crater
dimensions and an exponential decrease in crater volume,
with larger craters forming where a saturated target provides
the basement. Previous results show that a maximum water
depth-to-projectile-diameter of 20 is required (Gault and
Sonett 1982, based on a sand target) to prevent an underwater
crater from forming; we show that this value is much lower,
approximately 12, for sandstone targets, and indeed varies
slightly depending on whether the target is saturated or
unsaturated. This suggests that the water-depth-to-projectile-
diameter ratio limitation on cratering is variable dependant
upon the target material. For example, the d/H ratio may vary
for the deeper ocean (where there is a dense, basaltic ocean
floor) compared to the shallower continental edge (where
sediments overlying a crystalline basement exist). These
different situations will provide the basis for future
investigation in the lab.

For our impact into a deep water layer, where cratering is
prohibited, we find that ~25% of the original projectile mass
survives the impact. Despite the orders of magnitude
difference between laboratory and planetary impacts, these
findings tentatively suggest that an abundant amount of
extraterrestrial material could have survived impact onto the
Earth’s ocean surface, perhaps providing a suitable
mechanism for successful panspermia. 
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