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Abstract–The plumes naturally erupting from the icy satellite Enceladus were sampled by
the Cassini spacecraft in high-speed fly-bys, which gave evidence of salt. This raises the
question of how salt behaves under high-speed impact, and how it can best be sampled in
future missions to such plumes. We present the results of 35 impacts onto aluminum targets
by a variety of salts (NaCl, NaHCO3, MgSO4, and MgSO4�7H2O) at speeds from 0.26 to
7.3 km s−1. Using SEM-EDX, identifiable projectile residue was found in craters at all
speeds. It was possible to distinguish NaCl and NaHCO3 from each other, and from the
magnesium sulfates, but not to separate the hydrous from anhydrous magnesium sulfates.
Raman spectroscopy on the magnesium sulfates and NaHCO3 residues failed to find a
signal at low impact speeds (<0.5 km s−1) where there was insufficient projectile material
deposited at the impact sites. At intermediate speeds (0.5 to 2–3 km s−1), identifiable Raman
spectra were found in the impact craters, but not at higher impact speeds, indicating a loss
of structure during the high speed impacts. Thus, intact capture of identifiable salt residues
on solid metal surfaces requires impact speeds between 0.75 and 2 km s−1.

INTRODUCTION

Subsurface oceans are now believed to exist on
several icy satellites and bodies in the outer solar system.
The first reports concerning oceans on Europa and
Callisto (Carr et al. 1998; Khurana et al. 1998;
Pappalardo et al. 1999) have been followed by further
reports including observations concerning Enceladus
(Dougherty et al. 2006). In the case of Enceladus, tidal
effects combined with internal heating have created what
appears to be a natural eruption of water through the ice
in the form of plumes (e.g., Hansen et al. 2006; Porco
et al. 2006; Waite et al. 2006; Nimmo et al. 2007). There is
some evidence that Europa may have similar plumes
(e.g., Roth et al. 2014; Sparks et al. 2016). The role of
oceans as potential host sites for life means these bodies
are the object of significant attention and speculation
(e.g., see Hendrix et al. [2019] and references therein).

That the oceans are brine rich (e.g., see Sohl et al.
[2010], or Grasset et al. [2017], for a discussion of the
nature of the oceans) implies that the plumes may also
contain salts. Indeed, the Cassini space mission detected

dust grains when passing close to Enceladus in 2005
(Spahn et al. 2006), and later analysis identified salt
(NaCl via signals for sodium and potassium)-rich grains
(Postberg et al. 2009, 2011). Indeed, it is also suggested
that the Europan ocean is rich in NaCl (Hand and
Carlson 2015). Hydrated magnesium sulfate salts are also
present, and epsomite (MgSO4�7H2O) has been suggested
to be present on the surface of Europa, for example, as a
radiation product (Brown and Hand 2013).

Models of plume emission suggest that as much as
1600 µg of material (grain size 0.01–10 µm) can be
intercepted per m2 of collector, in a single pass through
the Enceladus plume at 25 km altitude (Guzman et al.
2019). As well as salt, the Cassini mission has reported
the presence of organic materials in the Enceladus
plumes (Postberg et al. 2018; Khawaja et al. 2019),
detected, like the original NaCl (Postberg et al. 2009,
2011), in the cosmic dust analyzer (Srama et al. 2004).
This instrument used impact ionization to produce ionic
plasmas, whose contents are then probed via time-of-
flight mass spectroscopy. At Europa, larger grains may
be found in the plume, with grains a few 10s of microns
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in size predicted up to altitudes of 200 km (see Lorenz
2016).

The collection of grains from plumes emerging from
Enceladus, or Europa, will involve a high-speed impact.
The impact speed will either be the orbital speed around
the icy satellite (a function of altitude and mass of the
central body, which for Enceladus ranges between 100
and 200 m s−1 at low altitudes, versus 1–2 km s−1 at
Europa, see Traspas and Burchell 2021), or the fly-by
speed of the spacecraft (which for Cassini at Enceladus
produced impacts ranging from some 4.5 to 15 km s−1,
see Khawaja et al. 2019). Studies such as Tsou et al.
(2012) suggest that to sample the organic contents of
the Enceladan plumes, fly-by speeds should be kept at
speeds as low as 3.0–4.5 km s−1. Impact speeds in future
such missions may thus range from a few hundreds of
m s−1 to, say, 5 km s−1. The transition from normal
speed impact to hypervelocity (km s−1 regime) impact
cratering has long been studied, for example, see
Bernard and Hörz (1995), who studied impacts of
3.2 mm diameter glass spheres onto aluminum 1100 at
speeds of 0.7–7 km s−1. The evolution of the projectile
residue with impact speed, including onset of melting at
around 2–4 km s−1, was also reported by Bernard and
Hörz (1995).

Various types of missions and instrument packages
have been suggested for future space missions to bodies
such as Enceladus (e.g., Mathies et al. 2017) and
Europa (e.g., Southworth et al. 2015), which would
analyze the plumes. Much interest has focused on the
viability of methods for intact or semi-intact capture of
long-chain organics in the plumes during hypervelocity
flybys (e.g., see Burchell and Harriss 2020; New et al.
2020a, 2020b; Kazemi et al. 2021). This builds on work
which aims to understand in the laboratory how to
interpret the time-of-flight impact ionization spectra of
organics (e.g., Goldsworthy et al. 2002, 2003; Burchell
and Armes 2011; Chan et al. 2021). Even the possibility
of collecting life forms themselves in fly-bys has been
considered (Traspas and Burchell 2021). It is clearly of
interest to collect relatively intact fragments, rather than
just time-of-flight mass spectra.

However, there is a more basic question to ask
before considering the organics in a plume, namely
what can be said about the salt content itself? If the
droplets in the plume are intercepted by a passing
spacecraft, can the nature of the salt be determined
despite the high-speed impact?

Accordingly, we present herein a laboratory study
of high-speed impacts of salt grains, using a two-stage
light gas gun firing projectiles at aluminum targets (a
typical collection substrate used by, among others,
Burchell and Harriss [2020]; New et al. [2020a, 2020b],
etc.). Impact speeds ranged from 0.26 to 7.34 km s−1

and grain sizes varied from 10 µm up to 90 µm. Four
types of salt were used: sodium chloride (NaCl, melting
temperature 1074 K), sodium bicarbonate (NaHCO3,
thermal decomposition temperature 353 K) and
magnesium sulfate (MgSO4), with the magnesium
sulfate in both hydrous (epsomite, MgSO4�7H2O) and
anhydrous forms. The anhydrous and hydrous forms of
magnesium sulfate not only have different densities
(2.66 and 1.67 g cm−3, respectively) but also very
different decomposition temperatures (1379 and 298 K,
respectively) providing good benchmarks for projectile
survival. The types of salt used thus included two
containing sodium, namely halite (NaCl), and sodium
bicarbonate (NaHCO3), as well magnesium sulfate,
found in water or evaporates on Earth and elsewhere,
and used here in both its anhydrous form (MgSO4) and
a hydrated form (epsomite, MgSO4�7H2O). Analysis
techniques were SEM-EDX (elemental identification)
and Raman spectroscopy (based on bonding in the
materials).

Raman spectroscopy has long been used to identify
materials including minerals via their bonding structure.
While it does not work on all materials (only if they are
polarizable), it does work on a wide range of minerals
and organics. Recently, the NASA Mars 2020 rover has
carried a Raman spectrometer to Mars (e.g., Wiens
et al. 2021) and the ESA ExoMars 2022 rover will do
the same (Moral et al. 2020). More significantly, impact
residues in craters in aluminum foil samples returned to
Earth by the NASA Stardust mission to comet 81P/
Wild-2 (Brownlee et al. 2006) have been analyzed using
Raman spectroscopy (e.g., Bridges et al. 2010; Foster
et al. 2013). This was after it was shown that many
minerals gave Raman signals from residues in craters
after impacts on aluminum at the Stardust cometary
encounter speed of 6.1 km s−1 (Burchell et al. 2008).
The survival of intact organics in impact crater residues
is less certain. Analysis of space-exposed aluminum
surfaces combined with laboratory experiments showed
melted (and in some cases, only partially melted)
residues lining impact craters (e.g., Bunch et al. 1991;
Berthoud et al. 1995), with assignments of possible
origins being made based on the presence of various
combinations of elements. More promisingly, New et al.
(2020a) have shown recognizable Raman spectra from
PMMA in residues in impacts on indium targets at 2–
3 km s−1. However, Burchell and Harriss (2020) showed
that at least some organics (polystyrene and PMMA) do
not provide Raman signals after impacts on aluminum
at 5–6 km s−1 suggesting that thermal decomposition
can occur for at least some materials during impacts at
a few km s−1. Thus, whether samples collected from ice-
world plumes are to be analyzed in situ, or after a
return to Earth, it is of interest to determine how
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different salts (with various thermal decomposition
temperatures) will respond to Raman analysis after
capture at high speed.

METHOD

The Kent two-stage light gas gun was used in this
work (Burchell et al. 1999). The gun was originally
optimized to fire at speeds above 1 km s−1, but has
recently been adjusted to also permit lower speeds down
to around 250 m s−1 (Hibbert et al. 2017). This permits
a wide range of speeds to be achieved in a single
facility. The projectiles are launched in a discardable
sabot fired from a rifled barrel. After the sabot is
separated, the projectiles proceed to the target located
in a vacuum chamber at a typical pressure of 0.5 mbar.
The projectile speed was measured in each shoot to
typically within a few percent. In this work, the
projectiles in each shot were multiple grains of salt fired
as a buckshot. Only one salt type was used per shot.

The grains were prepared by grinding larger
samples and then sieving. The selected size range from
the sieving was 75–90 µm. Images of the projectiles are
shown in Fig. 1. The targets used were sheets of
aluminum foil (type 1080). Note that in previous impact
cratering work, for example, New et al. (2020a), a
slightly different aluminum alloy has often been used
(Al 1100). Both these 1000 series aluminum alloys are
>99% pure and have similar densities (2700 and
2710 kg m−3, respectively). After each shot, the target
foil was examined first under an optical microscope to
confirm the presence of impact craters, and then in a
SEM. The SEM was a Hitachi S-3400N with an Oxford
XMax-80 detector for EDX measurements. Raman
spectroscopy was then performed on the craters. The
Raman spectrometer was a Horiba LabRam HR
spectrometer, with 600 lines per mm grating spacing
giving an approximately 2 cm−1 wave number
resolution, and an integral Olympus BX41 optical
microscope (1–2 µm spatial resolution on the target). A
785 nm laser was used for the Raman illumination.

Impact shock pressures were found in two ways.
The first was by use of the planar impact
approximation (PIA), which uses a linear wave speed
equation for each material in the impact to obtain a
peak shock pressure (see Melosh [2013] for a
discussion). The linear shock wave speed relation for
the materials involved is of the form:

U¼ cþ su, (1)

where u is particle velocity, U is the shock velocity, and
c and s are found experimentally. Separate wave speed
relations hold for the projectile and target materials and

hence separate values of c and s are required. For
NaCl, we use c = 3.477 km s−1 and s = 1.336 (with
density = 2163 kg m−3), while for the aluminum foil
target we use the data for Al1100 where
c = 5.376 km s−1, s = 1.339, and density = 2712 kg m−3

(all data taken from Marsh 1980). Using these values,
the PIA gives an estimate of peak shock pressure close
to the impact plane. Although the linear wave speed
data are for a slightly different grade of aluminum alloy
to that used here, no data are available for Al1080. To
test if this has biased our results, we have varied the
aluminum density used in the PIA calculations and also
used data for a different grade of aluminum (see table
3.1, Melosh 2013). In each case, the resulting peak
shock pressures vary by <1%.

While giving a representative peak value for the
shock pressure in a sample, the PIA does not,
however, allow for the finite size of samples, or how
the peak pressure may vary across a projectile. To
understand this better, a 3-D hydrocode simulation
was run, using the Autodyn code (see Hayhurst and
Clegg 1987) for the impacts of halite onto aluminum
using shock data from Fritz et al. (1971). Individual
tracer points across the projectile allowed the peak
shock pressure to be found at discrete positions in the
projectile.

In both the PIA and Autodyn cases, shock
Hugoniot data are required. However, while this is
available for NaCl, it is not available for the other salts
used here. Therefore, we only show results for shock
pressures for NaCl in this article.

RESULTS

Thirty-five shots were performed. There were 10
shots each with NaCl and MgSO4, 8 with
MgSO4�7H2O, and 7 with NaHCO3 projectiles. The
impact speeds ranged from 0.26 to 7.34 km s−1 (see
Table 1). All impacts were at normal incidence.

Crater Morphology

Typical crater images are shown in Figs. 2–5. With
each salt type, an evolution in crater shape can be seen
as impact speed increases (Table 2). At low speeds,
there is little sign of cratering, instead indentations are
found in the target foil. It thus appears that low-speed
impacts cause the impactor to rebound, leaving only
small amounts of material at the impact site. This
behavior has been seen before. In a separate study of
organic projectiles (4–10 µm diameter) impacting metal
foils at speeds of 0.5–3 km s−1, similar behavior
including rebound of the projectiles was seen in various
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scenarios involving certain types of projectile and target
materials, and the lowest speeds (New et al. 2020a).

In some cases, at around 0.5–1 km s−1, broken
projectile fragments can be seen in the indentations/
craters, and very occasionally even intact grains were
found partially embedded in the foil. Above 1 km s−1,
there is evidence of craters with raised rims with initially
thin lips. Then as speed increases above 2–3 km s−1, the
craters become the traditional turned over, broad-
rimmed hypervelocity craters. The appearance of large
amounts of recognizable impactor fragments in the
craters falls as the impact speeds exceed a few km s−1,
with more melted residue appearing.

Peak Pressures

Using the impact speeds in Table 1, the PIA was
used to give estimates of peak shock pressures in halite
(Table 3). In addition, Autodyn modeling for a
spherical 60 μm diameter halite projectile impact on
aluminum at a range of impact speeds produced the
results shown in Table 3. Peak pressures were taken
from gauges placed at the front (which strikes the
target), middle, and rear of the projectile. The gauges
close to the contact point show peak shock pressures
very similar to those from the PIA (see Table 3). As
expected, the peak shock pressures fall across the

(b)

(c) (d)

200 μm 90 μm

400 μm 100 μm

(a)

Fig. 1. SEM images showing examples of each projectile type: (a) sodium chloride, (b) sodium bicarbonate, (c) hydrous
magnesium sulfate (epsomite), and (d) anhydrous magnesium sulfate.

Table 1. Shot parameters.

Projectile Speed (km s−1) Projectile Speed (km s−1) Projectile Speed (km s−1) Projectile Speed (km s−1)

NaCl 0.329 NaHCO3 0.261 MgSO4 0.316 MgSO4�H2O 0.288

0.486 0.499 0.374 0.638
0.954 0.931 0.623 0.891
1.94 1.98 0.937 2.06

2.19 3.28 1.99 2.11
2.23 4.92 3.23 3.29
3.57 6.94 5.14 5.14

4.73 5.32 7.04
5.03 6.42
6.67 7.34
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interior of the projectile, with relatively low pressures at
the less shocked rear. Indeed, at low speeds
(<1 km s−1), the rear of the projectile does not appear
to suffer any significant shock. That is, the front of the
projectile near the contact zone experiences the
maximum shock, and the rear is left relatively
unshocked due to the free rear surface.

Compositional Analysis: SEM-EDX

To confirm that the craters were indeed the result
of impacts by salt grains, SEM-EDX spectra were
obtained. Background spectra for the foil itself were

regularly obtained when searching for craters, and
showed the expected strong Al peak, along with very
small peaks at just above 0 and 3 keV (the latter being
an interference peak caused by the aluminum). On
occasion, iron contamination was found on the foils,
which comes from inclusions in the foil.

Typical spectra from the raw grains are shown in
Fig. 6. The spectra for NaCl and NaHCO3 are clearly
distinct from those for the magnesium sulfates (also see
Table 4). However, MgSO4 and MgSO4�7H2O show the
same elemental lines and only differ in the intensity of
the oxygen peak. Although indicative, the EDX spectra
alone cannot determine the precise nature of a

(a) (b) (c)

(d) (e) (f)

(g)

100 μm

40 μm
50 μm

100 μm

40 μm 40 μm 50 μm

Fig. 2. SEM images showing example impact craters (NaCl): (a) 0.329 km s−1, (b) 0.486 km s−1, (c) 0.954 km s−1, (d)
1.94 km s−1, (e) 3.57 km s−1, (f) 4.73 km s−1, (g) 6.67 km s−1.
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magnesium sulfate salt. This is because the ability of
SEM-EDX analysis to flag stoichiometric compositions
of elements requires calibration and careful study. Even
with the raw grains, spectra on different grains of the
same salt gave a range of relative peak intensities.
Furthermore, this identification becomes harder for the
impact crater residues. For example, Wozniakiewicz
et al. (2009, 2015) have shown that, when using SEM-
EDX, in high-speed impacts (6 km s−1), the measured
Mg/Si ratios can change depending on several factors
(including viewing angle). This is due to self-absorption
of X-rays in the samples, which is both energy and path
length dependent; this is even before one allows for
preferential loss of any elements in the impact data
here.

Example spectra from salt crystal-like fragments
seen in craters and from melted crater residues are
shown in Figs. 7–10. In these figures, example spectra
are given from a wide range of impact speeds. Fuller
versions of each figure showing the individual spectra
separately are given in the supporting information. The
presence/absence of various elements in the spectra is
summarized in Table 4. The appropriate salt found in
each crater can be seen from the spectra and Table 4.
One oddity is the appearance of C and O in many of

the NaCl impacts. This is unexpected based on
projectile composition, but can arise due to
contamination of the targets from gun residue. In some
case (see the spectra of MgSO4 in Fig. 9), Fe peaks are
observed. These may not come from the projectile; it
has previously been reported that aluminum foils such
as these can contain random inclusions of iron, which if
impacted produce iron droplets in the crater residues
(e.g., Kearsley et al. 2007; Wozniakiewicz et al. 2015).
In general, the lowest speed craters are not fully formed
(see Figs. 2–5; Table 2), but in many cases still retain
sufficient material to permit an SEM-EDX
identification. Thus, as a diagnostic tool, the SEM-EDX
has confirmed the presence of projectile material/residue
of the appropriate type in the craters over a wide speed
range from below 0.5–7 km s−1. However, even at a
given speed, the relative heights of peaks in spectra
from different craters inside one shot varied, again
making a detailed stoichiometric determination difficult.
In general, the past work has shown that the detailed
stoichiometry of the elements in impact residues is
difficult to obtain precisely and requires element-specific
corrections. In some cases, it can be done, but is best
performed with TEM-EDX and needs corrections
against standards to be fully accurate (e.g., see

(a) (b) (c)

(d) (e) (f)

40 μm 70 μm
50 μm

100 μm
50 μm 50 μm

Fig. 3. SEM images showing example impact craters (NaHCO3): (a) 0.499 km s−1, (b) 0.931 km s−1, (c) 1.93 km s−1, (d)
3.28 km s−1, (e) 4.92 km s−1, (f) 6.94 km s−1.
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Wozniakiewicz et al. 2015). However, as shown here,
the results from SEM-EDX are sufficient to identify
distinct materials.

Raman Analysis

Raman spectroscopy is a powerful tool to identify
the presence/absence of the original impacting material
in the crater residue. Unfortunately, NaCl does not
have a Raman signal, so the technique is only here
applied to the other three salts, NaHCO3, MgSO4

(anhydrous), and MgSO4�7H2O. Figure 11 shows
spectra from raw grains of all three materials, showing
how distinct they are. Figures 12–14 then show spectra
at different speeds for NaHCO3, MgSO4 (anhydrous),
and MgSO4�7H2O, respectively. When looking at the
data, it should be borne in mind that the SEM-EDX
results indicated projectile material was present over a
wide range of impact speeds.

As can be seen from Fig. 11a, the Raman spectrum
from raw NaHCO3 is distinctive and shows the
standard peaks (those above 300 cm−1 include 650, 684,
1042, 1268, 1436 cm−1) reported in the literature (e.g.,
Jentzsch et al. 2013). The strongest of these peaks (e.g.,
1042 cm−1) are assigned to the HCO3

− ion. When
looking at crater residues versus impact speed (Fig. 12),
there was, however, difficulty finding a signal at
0.261 km s−1, indicating that not enough material had

been left at the impact site/indentation to respond to
the analysis. However, signals were found at 0.499 and
0.931 km s−1, along with the D and G bands of carbon
(broad peaks at approximately 1350 and 1578 cm−1,
respectively). These carbon bands are a frequent result
of gun contamination, so do not necessarily flag carbon
from the projectile. At 1.98 km s−1, a transition is seen.
The strongest NaHCO3 bands are barely visible in
impact residue, even though the SEM-EDX analysis still
shows the presence of the elements from the projectile.
At higher speeds, no trace of the raw unshocked
NaHCO3 spectrum was found in the analysis (see
supporting information, e.g., spectra at higher speed).

For MgSO4, the raw Raman spectrum is shown in
Fig. 11b, and matches that in the literature (e.g., Wang
et al. 2006). There is a strong peak at around
1023 cm−1, with a close neighbor at 1053 cm−1. Both of
these are assigned as SO4 v1 vibrational modes. Other
strong peaks are seen at 608 and 1123 cm−1 (v4 and v3
modes, respectively). There is also a triplet of peaks,
assigned to the ν2 mode at 451, 475, and 499 cm−1.
When spectra from crater residues were studied
(Fig. 13), a similar behavior to NaHCO3 was found at
low speed; indeed, it was hard to find any trace of the
projectile at speeds below 1.99 km s−1. At that speed,
however, a strong signal was seen, suggesting that at the
lower speeds, insufficient material was retained at the
impact site. The strong MgSO4 Raman signal was still

(a) (b) (c)

(d) (e)

20 μm 40 μm 100 μm

20 μm 70 μm

Fig. 4. SEM images showing example impact craters (MgSO4): (a) 0.937 km s−1, (b) 1.99 km s−1, (c) 3.23 km s−1, (d)
5.32 km s−1, (e) 7.34 km s−1.
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evident at 3.23 km s−1, but was absent at 5.32 km s−1

and above (see supporting information, e.g., spectra at
higher speed).

The Raman spectrum for raw grains of
MgSO4�7H2O (Fig. 11c) showed the pattern expected
for a hydrated magnesium sulfate (e.g., Wang et al.
2006; Jentzsch et al. 2013). Most peaks are again due to
the SO4 vibrational modes. However, the strongest peak
(v1) has shifted from 1023 cm−1 to around 983 cm−1,
indicating the degree of hydration (see fig. 5 in Wang
et al. 2006). A triplet of peaks (v3) is seen between 1050
and 1135 cm−1, and compared to MgSO4, a distinctive
peak is also seen at around 369 cm−1. The results versus
impact speed (Fig. 14) showed a similar pattern to those
for MgSO4. There were no signals in the low-speed
shots, but a strong signal was evident at 2.11 km s−1,
with a weak signal at 3.29 km s−1. At 2.11 km s−1, the
strong v1 peak still present at around 983 cm−1 indicates
that no significant dehydration had occurred in the
sample. A weak v1 signal is still just about visible at a
similar place in the spectrum at 3.11 km s−1, indicating
that the sample is still not dehydrated. At 5.14 km s−1

and above, no Raman signal was present, except the
carbon D and G band contamination (see supporting
information, e.g., spectra at higher speed).

There is thus a strong contrast in all cases with the
SEM-EDX results. There was often insufficient material
in the lowest speed impacts to provide a Raman signal.

Material with its composition and structure unaltered
was, however, present at intermediate speeds. Above a
threshold of a few km s−1, however, the Raman signals
disappeared, this time indicating that any residue had
been altered. The threshold for the Raman signal to
vanish was material dependent, being at around
2 km s−1 for NaHCO3, and at just above 3 km s−1 for
MgSO4�7H2O. MgSO4, however, still had a strong
Raman signal at 3 km s−1, although this had vanished
by 5 km s−1.

Peak Shock Temperatures

We estimated the peak temperature post-shock
(Tempps) in NaCl by using the method outlined in
Artemieva and Ivanov (2004) and Fritz et al. (2005).
The method uses the peak particle velocity in the
projectile (umax; obtained here from the PIA) and then
determines Tempps by using:

Tempps ¼T0þ½u2max �2Er�=2Cp, (2)

where Cp is the specific heat capacity, and Er is energy
lost from the projectile during release from the shocked
state. We obtain Er from

Er ¼ c=s½umax þ c=s� lnðc=Umax Þ�, (3)

(c)

(d) (e

(b)(a)

)

50 μm 30 μm

20 μm
20 μm 50 μm

Fig. 5. SEM images showing example impact craters (MgSO4�7H2O): (a) 0.638 km s−1, (b) 2.11 km s−1, (c) 3.29 km s−1, (d)
5.14 km s−1, (e) 7.04 km s−1.
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where c and s for the projectile are as given in Equation
1. Note that this is an approximation and neglects any
phase transitions. We have previously used this
approach to estimate peak post-shock elevated
temperatures in samples of pyrrhotite (Wozniakiewicz
et al. 2011). c and s values for NaCl are as given earlier,
and we take Cp = 853 J kg−1 K−1.

The results for the estimates of the peak shock
temperatures and the melting point for NaCl at
standard pressure are shown in Fig. 15. Based on these
estimates, we would expect the onset of melting in the
front of the projectile as impact speeds exceed 2 km s−1.
The whole projectile could be taken as being shocked to
the melting temperature when the rear of the projectile
experiences shock pressures similar to those at the front
at 2–3 km s−1; this occurs at speeds in excess of
6 km s−1 (see Table 3). As stated, the estimates ignore
any phase changes, or heating of the rear of the
projectile by heat conduction from the front. With these

caveats, we note that the results appear to correlate
with the disappearance of discrete salt crystal residue
above 2 km s−1, with complete melt appearing by
5 km s−1. Given the lack of the appropriate material
constants for the other salts, we are not able to repeat
these calculations for them.

DISCUSSION

There have been extensive laboratory investigations
of survival of mineral projectiles in impacts on metal
targets. Many of these studies were at speeds of around
6 km s−1, to support the Stardust mission to comet 81P/
Wild-2 (Hörz et al. 2006; Brownlee et al. 2006).
Analysis of impact crater residues from the mission
itself is summarized in Kearsley et al. (2008) and Price
et al. (2010). At an impact speed of 6 km s−1, shock
pressures for typical minerals hitting aluminum range
from 60 to 90 GPa (Burchell and Kearsley 2009). This
is sufficient to alter some minerals, and the issues of
resolving pre-impact from postimpact mineralogy is
discussed in, among others, Wozniakiewicz et al. (2012).
Accordingly, laboratory studies have included shock
experiments on materials ranging from phyllosilicates
and carbonates (Wozniakiewicz et al. 2015), to more
refractory presolar grains (Croat et al. 2015), to study
how they survive, or are altered, in impacts at 6 km s−1.

However, at lower speeds, the shock pressures for
minerals fall (see Table 5). Although not included in the
various minerals used to compile Table 5, the shock
pressures for NaCl (Table 3) are in the same range as

Table 2. Evolution of crater shape with impact speed.
Peak pressures are given for NaCl as found by the
planar impact approximation.

Speed
(km s−1)

Pressure
GPa
(if NaCl) Comment

<0.5 <2.8 No real crater, non-circular shallow

indentations were observed, some of
which held fragments of salt grains.
The floors of the indentations were

not smooth but had multiple pits.
0.5 2.8 Deeper indentations, with more regular

floors, but still non-circular in shape

view. Salt grain fragments were often
concentrated in the deepest part of the
feature.

0.5–1.0 2.8–6.0 Onset of circularity occurs, with thin
raised lips around the craters. Distinct
grain fragment still line the craters.

1–2 6.0–13.8 More pronounced crater lips appear,

with more circular craters. Crater
floors show a more melted texture,
with projectile residue embedded.

2–3 13.8–23.3 Craters become fully circular. Large
crater lips appear, some craters still
have distinct fragments of salt grains,

and some do not. SEM-EDX shows
residue in most craters.

3–4 23.3–34.5 Lips are continuous around the craters
but of variable width.

>5 >47.3 Circular craters, with large lips folded
over. No obvious crystalline residue,
but it was frequently observed with

SEM-EDX that melted residue was
distributed across the craters.

Table 3. Peak shock pressures for NaCl calculated by
the planar impact approximation (PAI) and from the
Autodyn hydrocode. The Autodyn hydrocode uses
impacts of 60 µm diameter NaCl spheres onto
aluminum targets and the pressures are measured at
gauge points inside the samples. The front position is
close to the point of impact, and the rear the farthest
away. This illustrates the drop in peak shock pressure
across the bulk of the projectile during an impact.

Velocity
(km s−1)

PIA Autodyn

Peak

pressure
GPa

Peak

pressure
(front) GPa

Peak
pressure

(middle)
GPa

Peak

pressure
(rear) GPa

0.329 1.74 1.60 0.21 0.025
0.486 2.63 2.47 0.42 0.020

0.954 5.58 5.23 2.05 0.122
2.23 15.5 14.8 9.05 1.12
3.57 29.5 28.4 17.1 4.81

5.03 47.7 46.8 32.1 14.8
6.67 71.0 71.7 53.5 13.0
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those in Table 5 at any given speed. We may thus
naively expect that all the salts used here experience
pressures in the ranges given in Table 5. It should be
noted, however, that for organic materials, shock
pressures can be lower. New et al. (2020a), for example,
calculate the peak shock pressure of
polymethylmethacrylate impacting aluminum at
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Fig. 6. SEM-EDX spectra of raw grains of (a) NaCl, (b) NaHCO3, (c) MgSO4, and (d) MgSO4�7H2O. The spectra for NaCl,
NaHCO3, and MgSO4 are clearly distinct. Those for MgSO4 and MgSO4�7H2O differ only in the relative magnitude of the
oxygen peak at 0.525 keV, with more oxygen seen in the MgSO4�H2O although this cannot be used to determine exact
stoichiometric content without allowance for relative sensitivities between the samples.

Table 4. Peaks present in SEM-EDX spectra of each
salt. X indicates observed, – indicates not present, and ~
indicates occasionally observed.

Salt C O Na Cl Mg S

NaCl ~ ~ x x – –
NaHCO3 x x x – – –
MgSO4 x x – – x x

MgSO4�7H2O x x – – x x
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Fig. 7. Example SEM-EDX spectra of crater residues from
impacts of grains of NaCl on aluminum foils at differing
impact speeds. Strong Na and Cl peaks are seen at all speeds.
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2 km s−1, to be 8.5 GPa, about half that of minerals at
the same speed.

From the postshock temperatures calculated for
NaCl in Fig. 15, we can see that at between 3 and
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Fig. 8. Example SEM-EDX spectra of crater residues from
impacts of grains of NaHCO3 on aluminum foils at differing
impact speeds. Na, C, and O peaks are seen at all speeds.
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impacts of grains of MgSO4 on aluminum foils at differing
impact speeds. Mg, S, and O peaks are seen at all speeds.
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4 km s−1, we can expect melting to occur in the bulk of
the impactor. Taking this as a proxy for the other salts,
we note that this is also the impact speed range where
the distinctive Raman spectra of the raw grains
disappear from the residues found in the impact craters.

Zhang and Sekine (2007) reported on shock
experiments for various salts including MgSO4 and
MgSO4�7H2O, at shock pressures up to 36 GPa
(equivalent to about 4 km s−1 impact speed according
to Table 5). They found that while some dehydration
was observed at 21–24 GPa (equivalent to about
3 km s−1 here), there was no clear evidence for

decomposition of MgSO4, even at the highest pressures.
This is compatible with the observation here that the
Raman spectrum for MgSO4�7H2O has almost vanished
at just above 3 km s−1, but that for MgSO4 is still
strong, and only disappears when the impact speed
increases further. The Raman signal for NaHCO3,
which has a thermal decomposition temperature of
353 K, disappears at an impact speed of about
2 km s−1. All this is broadly in line with the trends of
the postshock temperature shown in Fig. 15, but it
should be recalled that that graph is for NaCl.

It should be noted that the size of the salt grains
used here (75–90 µm) is larger than what will typically
be found in a plume of an icy ocean world such as
Enceladus or Europa (where grain sizes <20 µm will be
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Fig. 12. Raman spectra for crater residues in impacts of
NaHCO3 on aluminum foil at various speeds. Spectra from
impacts at higher speed are dominated by carbon D and G
bands (likely gun contaminants) and show none of the peaks
associated with NaHCO3 (see supporting information for
more examples).
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more usual). While this will change the absolute
quantity of residue available in an individual crater, it
will not in itself likely significantly alter the peak shock
pressures (and hence temperatures) until grain size falls
to around the µm size itself. There, the finite size of the
projectile will mean that the strain rate increases above
105 s−1. It has been shown that, for some materials, the
strength is strain rate dependent and increases sharply
above these strain rates, leading to increased shock
pressures (see Price et al. 2013). It is not known if the
salts used here behave similarly, but it is reasonable to
suppose that the present results hold good down to the
micron size scale. Furthermore, we note that in a real
plume encounter, the grains would not be 100%
homogenous particles, so the real peak pressures will be
different within each grain due to irregular grain shape,
mixing of different materials/voids/crystal dislocations,
etc., all of which will modify the peak pressure up or
down slightly.

New et al. (2020b) reported that the survival of
organics (doped into ice projectiles) when impacting
aluminum foils depends on impactor size. Here, we do
not determine surviving fraction so cannot compare; a
separate future study would be required for that.
Furthermore, the data in Fig. 7, New et al. (2020b),
show large variability and any new study would have to
include larger statistics than here.

CONCLUSIONS

The experimental results presented here show that
at typical speeds encountered in orbits or fly-bys of
Enceladus and Europa, a range of behaviors are
observed. At low impact speeds of a few hundred m s−1,
metal collectors suffer rebound of the impactor. This
has also been reported for organic impactors by New
et al. (2020a). An open box–type collector, with an
inclined surface in the interior might be able to focus
the incident particles into a collection region. Either
that or a sticky surface is required. This is particularly
important for even low-altitude orbits of low-mass

bodies such as Enceladus, where orbital speeds will be
in the range 100–200 m s−1. There are trace residues at
the impact sites, which can be detected by SEM-EDX,
but there is insufficient material for Raman analysis.

At intermediate speeds of 1 to 2–3 km s−1, impact
craters form and retain macroscopic amounts of
impacting material. Both SEM-EDX and Raman
analysis were able to produce signals. However, while
the SEM-EDX analysis could differentiate between
general classes of salts (NaCl, NaHCO3, and
magnesium sulfates), it could not provide the accurate
stoichiometry needed to separate the anhydrous and
hydrated states of magnesium sulfate. Raman
spectroscopy provided sufficiently distinct spectra that
this could be done. Indeed, given that Wang et al.
(2006) have shown that the location of the strongest v1
peak in magnesium sulfates is a good indicator of
hydration, this method should be able to distinguish the
hydration state of a magnesium sulfate.

At higher speeds (above 3–4 km s−1), and greater
shock pressures, the Raman spectra are no longer
obtained. However, there is still residue in the impact
craters, as indicated by the SEM-EDX analysis. This
suggests that shock processing and heating have resulted
in impact melt, which no longer retains the crystalline
structure necessary for a distinguishable Raman signal.

It should be recalled that these results are for
normal incidence impacts. The use of oblique impacts
can alter (lower) the peak shock pressures (see Pierazzo
and Melosh [2000] for a review of this topic) and thus
change the various speed thresholds for residue survival.
In addition, the crater shape changes (see
Wozniakiewicz et al. [2014], e.g., impacts in aluminum
foil similar to that used here) and differing amounts of
impactor residue may be retained in a crater as impact
angle varies and can be distributed differently around
the crater (Daly and Schultz 2018). In a mission to a
target such as the plumes of Enceladus or Europa, while
the geometry of the fly-through of the plume may
suggest a normal (or near-normal) incidence impact, in
reality an oblique impact can still be obtained by having
an inclined target surface relative to the direction of
motion of the space vehicle. Thus, a higher encounter
speed can still result in a lower component of the
impact speed normal to the target surface, and hence
reduced peak shock pressures and potentially higher
survival of relatively un-altered residue.

Future experiments firing pure and doped ice at
targets (e.g., see Kazemi et al. 2021) hold the prospect
of more detailed investigations of what material is
retained at impact sites. Finally, we note that these
results are for a solid metal target as the collector. If, as
advised by Tsou et al. (2012), a different collector
material were used, such as aerogel, a highly porous,

Table 5. Peak impact shock pressures for typical
minerals in impacts on aluminum. Adapted from fig. 6
in Burchell and Kearsley (2009).

Impact speed (km s−1) Shock pressure (GPa)

0.5 2–8
1 5–12
2 15–20
3 20–35
4 30–50
5 40–70
6 60–90
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low-density medium (see Burchell et al. [2006] for a
review of the use of aerogel as a capture medium in
space and Brownlee et al. [2006] for its use on the
Stardust mission), then semi-intact grains of many
materials including organics can be obtained even after
impact at 6 km s−1. However, as noted by among
others, Chan et al. (2020), the use of aerogels as capture
media may not be ideal. To give just one example, the
presence of organic solvents in the aerogel
manufacturing process (e.g., Sandford et al. 2010)
makes detailed organic analysis difficult when looking
for weak signals of compounds with simple carbon
chemistry. The use of foil collectors as here is thus still
highly recommended as suggested, for example, by
Mathies et al. (2017).
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J. A. M., Möhlmann D., Morfill G. E., Müller M., Roy
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Fig. S1. SEM-EDX spectra from example NaCl
impacts. Impact speeds of (a) 0.329 km s−1, (b)
0.954 km s−1, (c) 1.94 km s−1 (d) 3.57 km s−1 (e)
4.73 km s−1, and (f) 6.67 km s−1.

Fig. S2. SEM-EDX spectra from example NaHCO3

impacts. Impact speeds of (a) 0.499 km s−1 (b)
0.931 km s−1, (c) 1.98 km s−1, (d) 3.28 km s−1 (e)
4.92 km s−1, and (f) 6.94 km s−1.

Fig. S3. SEM-EDX spectra from example MgSO4

impacts. Impact speeds of (a) 0.937 km s−1, (b)
1.99 km s−1, (c) 3.23 km s−1, (d) 5.32 km s−1 and (e)
7.34 km s−1.

Fig. S4. SEM-EDX spectra from example
MgSO4�7H2O impacts. Impact speeds of (a)
0.638 km s−1, (b) 2.11 km s−1, (c) 3.29 km s−1, (d)
5.14 km s−1, and (e) 7.04 km s−1.

Fig. S5. Raman spectra for NaHCO3 (a) Raw grain,
and crater residues with impact speed (b) 0.261 km s−1, (c)
0.499 km s−1, (d) 0.931 km s−1, (e) 1.98 km s−1, (f)
3.28 km s−1 (g) 4.92 km s−1, and (g) 6.94 km s−1.

Fig. S6. Raman spectra for MgSO4 (a) Raw grain,
and crater residues with impact speed (b) 0.937 km s−1,
(c) 1.99 km s−1, (d) 3.23 km s−1, (e) 5.32 km s−1, and (f)
7.34 km s−1.

Fig. S7. Raman spectra for MgSO4•7H2O (a) Raw
grain, and crater residues with impact speed (b)
2.11 km s−1, (c) 3.29 km s−1, (d) 5.14 km s−1, and (e)
7.14 km s−1.
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