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Abstract

The process of impact crater formation can fundamentally change the nature of target
materials, creating products that can be observed from planetary-scale geophysics all the way
down to mineral microstructure. Impact-generated shock waves can vaporise, melt, and
permanently deform the materials they pass through. Large quantities of the target are
damaged and displaced, ejecting material outside of the crater and redistributing various
shock products and brecciated material within the crater. The aim of this chapter is to
describe the changes that occur within target materials and the physical processes that
produce them during an impact event.
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Introduction

The process of impact crater formation can fundamentally change the nature of target materials,
creating products that can be observed from planetary-scale geophysics all the way down to
mineral microstructure. Impact-generated shock waves can vaporise, melt, and permanently
deform the materials they pass through. Large quantities of the target are damaged and
displaced, ejecting material outside of the crater and redistributing various shock products and
brecciated material within the crater. The aim of this chapter is to describe the changes that
occur within target materials and the physical processes that produce them during an impact
event. Here, we include a description of the crater formation stages as they relate to the
production of changes in the target geology.

This chapter is structured in terms of the processes that affect the geology of the target.
We begin with a description of shock waves, followed by a description of how crater
excavation and modification displace and deform the target. We then describe the specific and
identifiable effects of crater formation on the target geology over a range of scales that can be
utilised for the study of impacts on Earth. Finally, we describe the geophysical signature of

impact craters, as seen from orbiting spacecraft.

Shock Wave Processes

In this section, the basic concepts of shock physics and their effects on target geology are
described, including: vaporisation and melting of target rocks, solid-state shock
metamorphism, and more general rock failure. For a more detailed description of shock

physics, see Melosh (1989).

Stress Waves and Yielding



When an impact occurs, energy is transferred into the target and impactor in the form of a stress
wave: a fluctuation of pressure, density, and particle velocity that propagates away from its
source (Figure 1). Stress waves in solids are more generally familiar in the form of seismic
waves. Here, we shall focus on one specific type of seismic wave: compression waves.
Compression waves, also called “Pressure” or “Primary”-waves (P-waves) when referring to
earthquakes, involve the particles in the solid oscillating along the same axis as the direction
of the wave movement. In a compression wave, the direction of maximum compression is
longitudinal, i.e. parallel to the propagation direction. The direction of minimum compression

is transverse, i.e. perpendicular to the propagation direction.
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Figure 1: Schematic diagram of impact crater formation. A projectile travelling at a high
velocity strikes the target generating a shock wave which expands into the target. Material is
set in motion by the shock wave producing impact ejecta and moving the target downwards
and outwards to create the transient crater. Based on Kenkmann et al. (2014).

The longitudinal stress in a compressional wave is always greater than the transverse
stress. As the amplitude (the maximum distance of a particle’s oscillation as measured from its
equilibrium position) of a P-wave increases, both the longitudinal and transverse stresses
increase, however, transverse stresses increase at a slower rate, and thus differential stress, i.e.
the difference between the longitudinal stress, o;, and transverse stress, oy, increases. Solid
geological materials can resist extremely large pressures but their ability to resist differential
stresses is limited. At a critical amplitude of a compressive wave, the state of stress exceeds

the yield criterion of the material (Figure 2). Below this critical stress, the deformation of the



material is recoverable, i.e. elastic. Above this critical stress, the deformation is permanent, i.e.
plastic, and can be seen in the geological record. This critical stress is known as the Hugoniot

Elastic Limit (HEL).

Ductile

Shear Stress

p— n OHEL
Pue, = "Average Stress \

\ O,

Normal Stress

Figure 2: Mohr’s circle representation of stresses within an elastic wave below the Hugoniot
Elastic Limit (HEL). and a plastic wave at the HEL. The “yield envelope” describes the critical
states of stress required to cause permanent deformation in the material. The Mohr circles,
centred along the normal stress axis, represent the state of stress in the material. The state of
stress in an elastic wave lies entirely within the failure envelope, thus does not cause permanent
deformation to the material. However, as the amplitude of a stress wave increases the
difference between o and or increases such that the Mohr circle intersects the yield envelope
causing plastic yielding of the material, which may be accommodated by brittle or ductile
deformation mechanisms. The critical state where the stresses in a wave reach the yield
envelope is the HEL.

Plastic and Shock Waves

The speed of an elastic wave is constant in a given material, though it varies between materials.
Once plastic yielding has occurred, the velocity of the wave — now a plastic wave - is near to
the bulk sound speed of the material, which is lower than the original elastic wave speed
(Figure 3). The velocity of a plastic wave increases with the amplitude of the stress wave
because of the changes in physical properties that occur with increasing pressure. A plastic
wave is termed a shock wave once its velocity exceeds the elastic wave speed, however, in
geological literature and henceforth in this text, all plastic waves are known as shock waves

because they cause permanent deformation in the materials they pass through (Figure 3).



As a result of the increase in velocity with amplitude that occurs in plastic waves, so-
called “non-linear behaviour”, the fronts of shock waves are steep, almost instantaneous jumps
from the initial state to a final state. At this instantaneous jump, properties such as density,
velocity, internal energy, and others will increase. The conditions on either side of a shock can
be estimated using a combination of the Rankine-Hugoniot equations and an Equation of State,
specific to the material through which the wave is travelling. Use of these equations allow the
pressure of the shock waves to be determined algebraically. The changes initiated in a target in
response to an impact depend on the maximum shock pressure in the target as it determines the

highest grade of shock metamorphism features that can occur in the target material.
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Figure 3: The velocity and structure of high amplitude stress waves. a) The propagation
velocities of stress waves as a function of the pressure in the wave. Longitudinal elastic body
waves travel at a constant velocity, V1, otherwise known as the P-wave velocity. Stronger waves
break into an elastic wave and a plastic wave that travels at a lower velocity, Vpiasic, which
may be as low as the bulk sound speed Vs. At even higher pressures, the velocity of the shock
wave Vsnock exceeds Vi and so there is no elastic precursor. b), c), and d) show the three distinct
forms of stress wave: elastic, plastic with an elastic precursor, and shock respectively. The
release of high pressures in a shock wave occurs due to the propagation of rarefaction waves.
The velocity of these waves depends on the pressure of the material they propagate through,
with minimum velocity of Vs, and maximum velocity Vg which are always larger than Vyiasic or
Vshock- With distance from the point of an impact, proximal regions of the target will experience
a true shock wave, greater distances will experience a plastic wave with elastic precursor, and
distal locations will experience an elastic wave. Modified from Melosh (1989).



Attenuation of Shock

Peak shock pressure at the impact point is controlled by impact velocity, target density, impact
angle, etc. However, the produced shock pressure calculated at a given distance from the impact
point is influenced by additional factors that remove energy from the shock wave; including
the radial spreading of the shock wave, loss of energy to heating, closing of pore space, and
acceleration of the target, etc.

The contact point between the impactor and the target, at the point of impact, is
commonly approximated as a “free surface”. A free surface is, by definition, an interface of
zero pressure. When the high-pressure shock wave arrives at the free surface of both the
projectile and target, a rarefaction wave that releases shock pressures is generated to satisfy
this condition (see Figure 3). The rarefaction wave propagates downwards, into the target,
releasing rocks from the shock state. Rarefaction waves travel at the bulk sound speed of the
material they pass through, however, as they propagate into highly compressed material, the
front of the rarefaction wave travels at a velocity greater than the shock wave velocity

The trailing end of the rarefaction wave, where pressures approach ambient conditions,
travel at a slower velocity near to the elastic bulk sound speed. Consequently, where the rise
of a shock wave is almost instantaneous, shock release is a gradual process that occurs over an
increasingly large period of time as distance from the impact point increases. Additionally,
locations close to the point of impact experience a plateau in peak shock pressure behind the
shock front but before the arrival of the rarefaction wave, a so-called “isobaric core” (Figure
3). As the rarefaction wave travels faster than the shock front, the isobaric core disappears as
the time of peak shock pressure also corresponds to the arrival of the rarefaction wave. This
typically occurs at distances within one to two impactor diameters of the point of impact.

The rarefaction wave is one of the causes of shock attenuation, the decrease in peak
shock pressures that occurs with increasing distance from the point of impact. This leads to
progressively lower-grade shock-metamorphism as distance from the impact point increases
(Figure 1). Beyond the isobaric core, peak pressure, P, decays rapidly from the impact point

according to the power law (Figure 4):

Equation 1

P = Pua (%),

T



where P 1s the peak pressure developed in the isobaric core at the point of contact and
compression, L is the impactor diameter, 7 is radial distance from the point of impact, and the
exponent, n, takes a value from ~1.5 — 4, that depends on impact velocity (Ahrens and O’Keefe,
1987; Pierazzo et al., 1997), impact angle (Pierazzo and Melosh, 2000a), and azimuth within
the target (Dahl and Schultz, 2001). Numerical simulations suggest that an average value of
1.933 + 0.181 can be used for all impacts that hit at an angle steeper than 30° (Pierazzo and
Melosh, 2000a).

Shock isobars, surfaces that connect materials that experienced the same peak shock
pressure, are arranged concentrically around the transient cavity. The most highly shocked
rocks line the floor of the cavity and progressively less shocked rocks are found at greater

depths beneath the transient cavity surface (Figure 4).
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Figure 4: Distribution of shock isobars represented a) at the initial locations of material in the
target — a provenance plot, and b) within the transient crater, at which time, the target has

deformed such that shock isobars are approximately concentric to the wall of the transient
crater.

Melting and Vaporization



Shock compression is a nearly instantaneous and thermodynamically irreversible process.
Release from the state of shock is a gradual and thermodynamically reversible process. The
energy increase during compression is always greater than the energy decrease during release.
Consequently, rocks always have greater internal energy after they have been shocked than
they had before they were shocked, and a post-shock temperature that is greater than the pre-
shock temperature. The internal energy controls the phase of the post-shock material.

One significant consequence of the increase in energy due to shock compression and
release is melting and vaporisation of the material (Figure 5). This is controlled by the
magnitude of the shock wave because, for a given material, there is a critical shock pressure at
which the total energy increase due to shock compression and release is enough to cause
melting by the time the material returns to ambient pressures. In rocks, melting and
vaporisation most commonly occurs during shock release, rather than during pressure rise or
at peak pressure. Once melting has occurred, continued decompression may result in partial
vaporisation. If the release adiabat passes through or above the critical point, complete
vaporisation will occur. Table 1 provides shock melting and vaporisation criteria for a variety

of common planetary and geological materials.
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Figure 5: Shock melting and vaporisation during release from shock in a hypothetical silicate
mineral. The Hugoniot curve (thick black line) represents the locus of all shock states, the kink
at low pressures is caused by a phase change from a low pressure phase (Ipp) to a high
pressure phase (hpp). During rarefaction, material follows release adiabats (thin dotted lines)
back to ambient pressure conditions (I atm). These release adiabats may cross phase



boundaries (black lines) in the material such that, upon release being complete, the material
may remain solid (sol.) or have partially or wholly become liquid (lig.) or vapour (vap.) —
potentially transitioning to a super-critical fluid (scf) during decompression. The final state of
the material depends upon what point on the Hugoniot the material was originally shocked to,
thus melting and vaporisation criteria are defined by a given shock pressure. Modified from
Ahrens and O’ ’Keefe (1972).

Table 1: Pressure criteria of shock melting and vaporisation in common planetary materials.
Unless otherwise specified, all materials are assumed to be at standard conditions in the pre-
shocked state.

Material Melting (GPa) Vaporisation (GPa)

Incipient  Complete Incipient Complete
Granite 46 56 140 1265 Pierazzo et al. (1997)
Basalt 96 115.5 205.5 >1138 Pierazzo et al. (2005)
Calcite - - 66* - Wiinnemann et al. (2008)
Anorthosite 43 52 102 590 Ahrens and O’Keefe (1977)
Forsterite - 189 270 856 Davies et al. (2020)
Quartz - 57.6 90.9 260 Kraus et al. (2012)
Water/Ice (50K)** 2.1 4.0 4.0 70.4 Kraus et al. (2011)
Water/Ice (150K)** 1.6 3.5 3.5 69.6 Kraus et al. (2011)
Water/Ice (250K)** 0.5 2.7 2.7 66.9 Kraus et al. (2011)
Iron 218 263 468 3507 Stewart et al. (2020)
Aluminium 73 106 315 - Pierazzo et al. (1997)

* These pressures indicate the onset of calcite decarbonation, CaCOs -> CaO + CO:, rather than vapourisation.
** The onset of vapourisation for ice depends upon the partial pressure of the environment into which the shocked

material expands. The tabulated pressure is the pressure from which the release adiabat passes through the
critical point.

The amount of impact melt generated by a given impact can be determined from the

following scaling relationship (Pierazzo and Melosh, 2000b, Wiinnemann et al., 2008):

Equation 2
P — i (v—lz)n sin’3 9,
M; &M

where Mm and M; are the masses of impact melt and impactor respectively; 0 is the
impact angle; 1 is a constant that takes a value between 0.5 and 1, a value of 1 indicates that
melt mass scales with impact energy while a value of 0.5 indicates that melt mass scales with
impactor momentum; eum is the critical energy required for melting, determined as the energy
on the Hugoniot where adiabatic release to 1 bar results in complete melting; and £ is an
empirical constant. The values of n, em, and & vary depending on material (Table 2); the values
are determined from a combination of laboratory measurements and shock physics and

thermodynamical modelling. Vapour scaling follows a similar relationship as a function of

10



velocity, but with varying parameters. A useful rule of thumb is that the mass of vapour is
~10% of the melt mass. In crater scaling relationships, impact melt volumes scale with velocity
with a larger exponent (~1.7-2) than the volume of the transient cavity (1.3). Thus, the volume
of impact melt becomes progressively more significant to the structure of a crater with

increasing size (Grieve and Cintala, 1992; Cintala and Grieve, 1998).

Table 2: Impact melt scaling parameters (Wiinnemann et al., 2008).

Material em (MJ/kg) k n
Non-porous rock 3-6 0.14 1
Porous rock 2-4 0.25 0.85
Ice (at 125 K) 0.8 0.5 0.83

Impact heating can have a profound effect on the physical properties of the target
material: affecting the magnetic properties of rocks, driving hydrothermal activity, resetting
geochronometers, and allowing for the formation of economic deposits. The distribution of that
heat energy is generally concentrated close to the centre of the impact crater, and close to the
surface. The distribution of impact melt products is affected by excavation and modification
processes during crater formation. Most melt will remain within and around the crater as
distinct melt deposits and as a component of impact melt-bearing breccias, while some molten
and vaporised products such as tektites and spherules can be ejected to great distances from the

source crater.

11



Post-Shock Processes

Impact cratering is a large-scale geological process, involving the sudden application of large
stresses (see Section 4.1). The corresponding amount of differential stress experienced by the
target material leads to failure of the rock mass over a large area. Impact craters are thus
associated with regions of high fracture density, brecciation and significant displacement of
material from its original position. As with the last section, we describe only the portions of
the crater excavation and modification stages that are useful for the explanation of changes in

target geology.

Excavation

The passage of the shock wave accelerates material outwards, away from the point of impact,
resulting in the excavation of a transient cavity and the formation of ballistically emplaced
ejecta.

The excavation flow of material leads away from the impact point, moving outwards
(Maxwell, 1977). The flow paths cut shock isobars, delivering both high and low-shock
material outwards along the same flow path. Zones of material in the excavation flow are
commonly described by diagrams such as Figure 1, where material is subdivided into an
“excavated” zone and a “displaced” zone. The excavated zone marks contains all material that
ultimately ends up outside the transient crater rim. All material in the displaced zone undergoes
extreme deformations, which for brittle materials results in fragmentation, brecciation, and
fracturing. The displaced zone can also include a large quantity of melt.

The rim of the transient cavity can be thought of as a critical point that divides material
moving out and away from the crater, and material destined to fall back into the crater cavity.
Once the material that is being ejected has risen above the pre-impact surface, the diverging
flow paths of this material away from the impact point will result in separation of ejecta into
non-coherent blocks that begin to follow ballistic trajectories. In general, the highest velocity
ejecta will be deposited at the greatest distances from the crater and contain the largest
proportion of highly shocked material in the ejecta deposits. The lowest velocity ejecta over-
turns to form the crater rim — resulting in the reversal of local stratigraphy (Figure 6). Together

with the emplacement of ejecta as an overturned rim flap, deformation beneath the surface of
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the transient cavity, e.g. intrusions of breccia dikes, causes uplift to the rims of craters. The
structural uplift may contribute up to ~70-80% of the topographic elevation at crater rims in
both simple and complex craters (Sharpton, 2014; Sturm et al., 2016; Kriiger et al., 2017). The
topographic contribution of structural uplift decreases to zero within 1.7 transient crater radii,
at which point the ejecta provides the main source of post-impact elevated terrain around the

crater (Shoemaker, 1963; Roddy, 1977).

Modification

We note here that modification serves as another source of breccia creation and large-scale
transportation of material. In general, crater collapse occurs when gravitational forces
overcome the strength properties of the material. The extent of crater collapse is controlled by
the size of the crater, the target body gravity, and the strength of the material being impacted.
Larger craters undergo more significant modification of the transient cavity, creating complex
crater morphologies. Small transient cavities generally modify to relatively simple, bowl-
shaped craters. Observations from drill cores of the Brent and Barringer craters demonstrate
that the floors of simple craters are filled with a lens of brecciated rocks. The breccia lens of a
simple crater can contain material of all stages of shock metamorphism; from unshocked to
melted. The origin of the breccia lens results from debris sliding from the rim of the transient
crater into the crater floor to form a deposit of breccia above the fractured and minimally
displaced “true” crater floor. This acts to increase the diameter and decrease the depth of the
final crater. The process of breccia lens formation involves partial collapse and erosion of the
uplifted transient crater rim, however the rims of simple craters after modification are still local

topographic highs.
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Figure 6: Schematic cross-sections of simple and complex impact structures. Based on Grieve
(1987) and Melosh (1989).

Complex craters possess terrace zones interior to the final crater rim (Figure 6). The
width of these terraces decrease with distance inside the crater before reaching a flat-lying
crater floor. The terraces of complex craters are the surface expression of sequential fault
blocks, where the steep, inwardly dipping scarps between terraces are the exhumed footwalls.
The terrace zone is therefore an expression of the same kinematics as breccia lens formation in
simple craters, where the walls of the transient cavity collapse inwards towards the crater
centre. The difference, however, is that terrace zones are composed of coherent rock masses
being displaced along faults, rather than incoherent rock fragments.

The stratigraphic uplift of material during the modification of large transient cavities
brings deep material to the surface. This transport results in a central peak, or other central
morphology, exposing sometimes unique mineralogies at the surface. The maximum
stratigraphic uplift expressed in the centre of complex craters is approximately equal to 10%
of the final crater diameter (Melosh and Ivanov, 1999). For large enough craters, stratigraphic
uplift can incorporate dense mantle material beneath the crater, as identified at Chicxulub
(Christeson et al., 2009) and in lunar impact basins (Neumann et al., 1996).

In addition to the uplift of deep crustal, or even mantle material beneath the centre of
impact structures, exhumation of sub-surface material also occurs on icy bodies by impacts
that partially or fully penetrate a solid ice crust. Large central pit craters on Ganymede, Callisto

and Ceres are partially to completely filled with bright, sub-circular domed deposits. Central-
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dome and anomalous-dome craters are hypothesised to form from deeply penetrating impacts
exposing a relatively fluid layer beneath a brittle ice crust. Warm subsurface ice then rises to
the surface in the crater centre and freezes to form a dome of fresh ice (Schenk, 1993). A large
enough impact will fully penetrate the ice crust, exposing sub-surface oceans and bringing fluid
to the surface of those bodies. At this size, impacts affect a larger portion of the surrounding
crust than the region directly excavated by the impact, forming multiple external ring structures
— multi-ring basins. The largest multi-ring system in the solar system is Valhalla on Jupiter’s
moon Callisto. The rings of the Valhalla system are structurally different from those at the
Lunar multi-ring basin Orientale, consisting of sets of outward-facing scarps and horst-graben
sets, formed as brittle crust deforms above the sub-surface ocean in response to the impact

event.
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Physical Changes to the Target as a Result of Impact

So far in this chapter, the displacement and deformation experienced by target materials during
shock compression, crater excavation, and crater modification have been described. The net
result of all of these processes is that target materials can have substantially different properties
after impact than they had initially. These changes can be observed from remote geophysics
down to the microscopic scale. In this section we will describe the consequences of impacts on
the properties of target materials. First, we will describe how shock metamorphism is
manifested in target rocks. Then, we will describe the physical properties of materials within
impact structures and the processes that produce these properties. The mixing of shock products
and brecciation in the target, and their subsequent modification, results in complex impact
products that cannot be simply prescribed to shock-related or brecciation-related processes.
Instead, these changes to target geology are presented separately, with explanation of the

physical processes involved following.

Shock Metamorphism

At pressures below the critical pressure required to produce shock melting, shock waves, by
definition, still induce irreversible deformation in the material they pass through. Individual
minerals within a rock will respond in unique ways to a given shock wave. As such, all minerals
have a unique and diverse inventory of so-called “shock effects”. Some of these effects are
unique to shock deformation and can be diagnostic of a narrow range of conditions.

The most well understood mineral, in terms of shock metamorphism, is quartz (Stoffler
and Langenhorst, 1994; Grieve et al., 1996; French and Koeberl, 2010). Quartz displays a wide
variety of shock effects which are primarily sensitive to the peak shock pressure that the
mineral experiences. Quartz is also extremely useful from the perspective of impact cratering
on Earth as it is extremely common within the Earth’s crust and is geologically robust, i.e. it

will commonly retain identifiable shock effects even after hundreds of millions of years.

Shock effects in quartz
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At low shock pressures, quartz develops planar microstructures or ‘elements’, which are
divided into planar fractures (PFs), feather features (FFs) and planar deformation features
(PDFs). PFs and PDFs are crystallographically controlled, i.e. they are oriented parallel to
rational crystallographic planes — planes defined by the symmetry of the crystal structure and
the way ions in the structure are bonded. Belonging to the trigonal/rhombohedral crystal
system, crystallographic planes in quartz are described by Miller-Bravais indices as shown in

Figure 7.
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Figure 7: Crystallographic orientations in quartz. Each plane is described by the Miller-

a,

Bravais indices (hkil), {hkil} indicates the set of all planes that are symmetrically equivalent
to (hkil). The indices h,k,i, and | denote the inverse intercepts along the lattice vectors al, a2,
a3, and c respectively: e.g., (1013) can be defined by a plane that intersects the a;-axis at 1,
the as-axis at -1 (negative indicated by the bar symbol), the c-axis at 1/3, and does not
intersect the ar-axis. Here, single planes are shown where either there is only a single

equivalent plane in that orientation, e.g. (0001), or for diagrammatic simplicity.
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Planar Fractures (PFs) are crystallographically planar open fissures that commonly
occur as parallel sets of multiple individual fractures. An individual PF is typically around 3
um wide, and the spacing between PFs in a set is ~15-20 pm (Figures 8a and 8b). PFs
commonly form sets that are parallel to the basal plane of quartz, (0001), but can be found in
a variety of other rational crystallographic orientations. PFs can be observed in quartz grains
that experience peak pressures greater than ~5 GPa, however they are not unique to shock
metamorphism and can form as a result of endogenic, tectonic deformation. However, it has
been claimed that quartz displaying PF sets in multiple crystallographic orientations within the
same grain are a unique result of shock metamorphism (French and Koeberl, 2010).

Feather Features (FFs) consist of a single PF and a set of many thinly-spaced (1-4 um),
short (2-10 um), sub-parallel, open fractures, that branch at an angle of at least 35° from the
PF (Figures 8e and 8f) — These small fractures are known as “feather feature lamellae”. The
orientation of FF lamellae are, to a certain degree, crystallographically controlled, although
their orientation within a sample tend to cluster around a single orientation, which has been
suggested to indicate the direction of shock wave propagation. FFs can be observed in rocks
that experience pressures of at least 7-10 GPa (Poelchau and Kenkmann, 2011).

Planar Deformation Features (PDFs) are closed planar microstructures — not open
fissures like PFs. Individually, they are narrow (less than 2 pum wide) planes of glassy material,
arranged in crystallographically planar, parallel sets spaced 2-10 um apart (Stoffler and
Langenhorst, 1994; Grieve et al., 1996). PDFs can fully or partially traverse the grains they are
contained within (Figures 8¢ and 8d). It is commonly found that PDFs do not cross PFs,
suggesting a temporal relationship where PFs form prior to PDFs and are thus over-printed
upon PDF formation. PDFs generally occur in more than one orientational set per grain. PDFs
can be “undecorated” or “decorated”. Pristine PDFs are undecorated and are composed of
amorphous glass. Decorated PDFs are the result of the annealing of undecorated PDFs,
resulting in planes of densely packed fluid inclusions that retain their crystallographically
controlled orientation. PDFs are oriented parallel to rational crystallographic planes (Figure
7). Shock recovery experiments have demonstrated that the orientation at which PDFs form is
sensitive to the peak pressure of the shock wave (Table 3). PDFs in quartz are the primary
basis for conducting shock barometry in impactites on Earth — i.e. assigning a shock pressure
value experienced by a rock based on observations within a rock. This is achieved by measuring

the crystallographic orientations of PDFs in a selection of quartz grains and, based on the
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distribution of those orientations, a shock pressure for the rock is assigned. PDFs form at
pressures that range between 5 — 34 GPa.

Minerals are reactive substances that respond to changes in temperature and pressure.
At a given pressure and temperature, each mineral has an equilibrium stable state. At standard
temperature and pressure (25 °C and 1 atm), SiO2’s equilibrium state is in the crystallographic
structure known as a-quartz, known commonly as quartz. At different P-T states, other mineral
structures may be thermodynamically favoured over the a-quartz structure. At high pressures,
stable mineral structures tend to be more dense than the stable structure at low pressures.
Minerals of the same chemical composition, but different crystal structure are known as
polymorphs. Quartz undergoes phase transformations to high-pressure polymorphs, coesite and
stishovite. Under equilibrium conditions, coesite is stable at pressures > ~2 GPa, and stishovite
is stable at pressures > ~8 GPa. However, while SiO2 may be more stable in the form of coesite
or stishovite at high pressures, a direct transformation from quartz to a high-pressure
polymorph is reconstructive, i.e. bonds in the crystal structure must be broken and reformed,
and is therefore slow — too slow to occur as a direct phase transformation during shock. Instead,
coesite and stishovite are generally found in close association with diaplectic quartz glass or
PDFs. These non-crystalline forms of SiO2 appear to mediate the phase transformation. Upon
decompression high-pressure polymorphs are metastable, that is their equilibrium structure
reverts to a-quartz. However, much as the transformation from low- to high-pressure
polymorph, the reversion of high- to low-pressure polymorphs is limited by the speed of
reconstructive phase transformations — the transformation can be so slow, particularly after
temperatures have dropped, that high-pressure polymorphs can remain in the geological record
for long periods of time. Coesite and stishovite can be found in rocks that have experienced at

least 30 and 12-15 GPa respectively (Stoffler, 1984).

Table 3: Summary of shock metamorphic effects in quartz. Data from Stéffler et al., (2018),
Grieve et al., (1996), and refs. therein.

Feature Peak Pressure Range
Planar Fractures ~5—34 GPa
Feather Features >7-10 GPa
Planar Deformation Features 5-34 GPa
¢(0001) 5-34 GPa
{1011} 5-34 GPa
{1013} 10— 34 GPa
z{0111}, &{1122}, {2241}, and others. ~15-34 GPa
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{1012} 20 —34 GPa
Diaplectic Quartz Glass 34 - 50 GPa
Lechatelierite >50 GPa
Coesite 30— 55 GPa
Stishovite 12 — 45 GPa

At pressures greater than ~34 GPa, quartz undergoes a transformation from an ordered
crystalline state to an amorphous phase known as diaplectic glass. This is a solid-state
transformation (without melting) that results in a low-density, glass phase — a solid that lacks
the long-range order characteristic of crystals. The transformation to diaplectic quartz glass has
been shown to be dependent on initial crystallographic orientation and initial temperature
(Stoffler and Langenhorst, 1994; Grieve et al., 1996). Beyond peak pressures greater than ~50
GPa, but lower than the critical pressure for whole-rock melting, individual mineral melting
can occur. The product of quartz melting is known as lechatelierite, which is glassy, flow-
textured, and often vesiculated (containing gas-pockets or voids). Lechaterierite is not unique
to shock metamorphism as it can also be found in fulgarites, a.k.a. “fossil lightning”, as a result
of flash heating in quartz-bearing sand.

Thus far, all stated shock pressures for shock metamorphic effects in quartz are for
single crystals or non-porous rocks. In porous rocks, the distribution of peak shock pressures
is significantly more heterogeneous. Pore space closure as the shock wave passes results in
local excursions to higher pressures and higher temperatures within the shock and after the
shock wave has passed. Together this results in some “high-pressure” shock metamorphic
effects being found in rocks that have experienced lower average shock pressures. For example,
diaplectic quartz glass and the high-pressure polymorphs, coesite and stishovite, have been
found in experimentally shocked sandstones that have experienced shock pressures of only 10-

20 GPa (Kowitz et al., 2013; 2016).
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Figure 8: Shock effects in quartz from: a-f) Site M0O77 of the Chicxulub impact structure; g-
h) Zipplingen quarry within the Ries impact structure. Planar fractures (PFs) in quartz under
a) plane-polarised light (PPL) and b) cross-polarised light (XPL). Planar deformation features
(PDFs) in quartz under c) PPL and d) XPL. Feather feature (FF) in quartz under e) PPL and
f) XPL. Diaplectic quartz glass under g) PPL and h) XPL. Image Credit: Auriol Rae & Michael
Poelchau.

Shock effects in other minerals

Many more shock effects can be found in other minerals (Figures 9 and 10), some of these
effects are equivalent structures to those found in quartz. PFs form in olivine and zircon
(Stoffler et al., 2018). PDFs have been observed in biotite, amphibole, pyroxene, olivine,
plagioclase feldspar (Figure 9c¢), and alkali feldspar (Figure 9d) . All feldspars transform to
diaplectic glasses prior to melting. Numerous minerals have high pressure polymorphs;
examples include the transformation of graphite to diamond and lonsdaleite, the transformation
of zircon to reidite (Figure 9h), and the transformation of olivine to wadsleyite and
ringwoodite. A number of minerals also generate mechanical twins; notable examples of this
include calcite, amphibole, and a variety of accessory phases such as zircon (Figure 9g),
monazite, and titanite.

Some minerals do not possess shock effects that are unique to shock metamorphism.
As aresult, it is particularly challenging to identify shock metamorphism in some target rocks.
On Earth, carbonate targets — which are common - are particularly challenging due to the lack
of undisputed unique shock effects in calcite and dolomite. Furthermore, solid-state
metamorphism in icy solids is generally less well understood than in silicates. However,
similarly to silicates, ices can undergo a variety of phase transformations at high pressure, e.g.,
H:O ice can transform to the high pressure ice VI-VIII phases. It remains to be seen how shock
metamorphism in ices can be identified as shocked icy material generally melts, vapourises or

returns to its low-pressure phase upon removal of shock conditions.
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Figure 9: Shock effects in other minerals. a) and b) kinked biotite from Site M0077 of the
Chicxulub impact structure, Mexico, in plane-polarised light (PPL) and cross-polarised light
(XPL) respectively. c¢) PDFs in shocked plagioclase from Tenoumer impact structure,
Mauritania under PPL, note that the PDFs only traverse one set of the lamellar twinning in
plagioclase, twinning here is unrelated to shock (after Pickersgill et al., 2021). d) PDFs in
shocked microcline (alkali feldspar), note that one set of PDF's is parallel to one of the twin
sets, twinning here is unrelated to shock (after Pickersgill et al., 2021). e) and f) Diaplectic
plagioclase glass from Alerheim within the Ries impact structure, in PPL and XPL respectively.
g) Shocked zircon from the central uplift of the Woodleigh impact structure, Australia. The
zircon contains irregular lenses of reidite that are offset by {112} shock deformation twins
(after Cox et al. 2018). h) Granular zircon in an Australasian-field tektite from Thailand. The
grain is former reidite in a granoblastic network (FRIGN) zircon, which means the neoblastic
domains preserve systematic crystallographic orientation relations [see inset pole figure for
(001)] that uniquely record the former presence of the high-pressure polymorph reidite (after
Cavosie et al. 2018). Image credit: Auriol Rae, Annemarie Pickersgill, Michael Poelchau, and
Aaron Cavosie.
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Figure 10: Summary of shock classification in a selection of rock-forming minerals. Adapted
from Stoffler et al. (2018).
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Fracturing and Shatter Cones

Beyond mineral specific shock effects, the passage of a shock wave results in the fracturing
and brecciation of target rocks. In general, fracturing is not a diagnostic feature of shock; the
exception to this rule is shatter cones. Shatter cones are striated conical fracture surfaces
distinguished by their branching ridges distributed along the cone surface (Figure 12). Their
formation mechanism is poorly understood, although it is generally interpreted that shatter
cones point in the direction of maximum compression during shock metamorphism. While field
studies at terrestrial impact structures (e.g. Dietz and Butler, 1964; Milton et al., 1996) have
presented evidence that shatter cone orientations point towards a common point of impact, a
number of more recent studies (Wieland et al., 2006; Osinski and Ferriere, 2016) have disputed
this. Shatter cone orientations may instead respond to more local heterogeneities within the

target rocks and thus reflection points of the shock wave.

Figure 11: Shatter cones from the Gosses Bluff impact structure. In this block, all shatter cone
apices point downward, towards the bottom-right corner of the image.
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Complexities of Shock Metamorphism

It is important to highlight that the formation mechanisms by which many of the shock
metamorphic effects described above are poorly understood. Shock effects are commonly listed
in terms of a given peak shock pressure required for formation (Table 3, Figure 10), but this
is a simplification. First, most of the pressures given for specific shock effects assume that the
material is at standard temperature and pressure before being shocked. The reason for this is
simply that is harder to perform laboratory shock experiments at non-standard conditions. The
consequence is that if initial temperatures are higher, lower shock pressures are required to
cause melting and vapourisation. Additionally, higher initial temperatures have demonstrated
effects on solid-state shock metamorphism: In quartz, initial temperature affects the
distribution of PDF orientations generated at the same shock pressure, and the required shock
pressure for complete transformation to diaplectic glass (Langenhorst and Deutsch, 1994).
Varied initial conditions are likely to have similar consequences for the shock metamorphism
of other minerals but, at this time, insufficient experimental results limit the quantification of
these effects. Second, shock pressures themselves are not the direct cause of all solid-state
shock metamorphism. Mineral twinning, for example, requires high differential stresses, rather
than simply a high pressure, and is sensitive to temperature and strain rate (Christian and
Mahajan, 1995). Furthermore, the orientations of PDFs in quartz have been shown to be
sensitive to the relative orientation of crystallographic axes to the shock direction (Langenhorst
and Deutsch, 1994), suggesting that PDF formation in a given orientation requires differential
stresses acting in conducive orientations as well as high average stresses (i.e., pressure).
Finally, proposed formation mechanisms of both FFs (Poelchau and Kenkmann, 2011) and
shatter cones (Sagy et al., 2002; Baratoux and Melosh, 2003) suggest sensitivity to the
orientation of stress during shock metamorphism. Today, it is increasingly clear that individual
shock metamorphic effects in rocks and minerals are a complex manifestation of the initial
conditions of the material and the history of applied stress during shock, albeit a “history” that
last only seconds (Rae et al., 2021).

Physical properties of the Target: Density Modification
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Impact cratering can lead to permanent density changes in the subsurface. Those processes are:

dilatancy, tensile fracturing, compaction, hydrothermal activity, and uplift.

Tensile Failure

When a shock wave interacts with the free surface of the target or impactor a rarefaction wave
is generated. Locations deep within the target first experience compression from the shock
wave, and then experience tension as a result of the rarefaction wave. Close to the free surface,
the rarefaction wave can arrive before the pressure rise in the shock front is complete; this area
is known as the interference zone (Figure 12). Material in the interference zone experiences
significantly lower peak pressures than would be predicted from radial attenuation from a point
source. The tensile strength of rocks is generally low compared to their compressive strength.
Therefore, the tensile stresses that develop within the interference zone can cause tensile failure
of the rocks. Target rocks lying at shallow depths can therefore detach from the surface as spall.

Tensile stresses are not limited to the near-surface interference zone. In fact, tensile
stresses that follow the peak stress can be even greater outside the interference zone than within
it. Primarily, this results from the acceleration of material by the shock and rarefaction waves.
Material behind the shock wave has been accelerated outward from the point of impact, forcing
it to occupy a greater volume as it moves radially outwards. This causes transverse stresses
behind the shock front to become tensile.

The tensile stresses in the interference zone and behind the shock front ultimately lead
to tensile failure and fracturing in the target rocks. As the strength of rocks is much lower in
tension than in compression, this region of tensile fracturing tends to extend to far greater
distances than the material that experiences compressive failure (Melosh, 1989; Wiggins et al.,
2019). A large proportion of fracturing and brecciation during cratering results not from the
compression of the shock but due to the tension that occurs after compression. The extent of
the zone that experiences tensile stresses is strongly dependent on overburden pressure, that is
the pressure produced by the mass of rocks above a location. Thus, the volume that experiences
tensile failure is comparatively small for larger craters, where the deep regions of the target are
under large confining pressures, and tensile failure is enhanced on low gravity bodies.

Tensile stresses can ultimately result in fragmentation and disruption of target bodies.
The criterion for catastrophic disruption is commonly defined as Q*, the kinetic energy per
unit of target mass required for only 50% of the target mass to remain. Q* primarily varies as

a function of target size, strength, and impact velocity, leading to catastrophic disruption being
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most favoured in target objects, such as asteroids, that range from ~0.1-1 km in diameter
(Housen and Holsapple, 1990; Stewart and Leinhardt, 2009). Tensile fragmentation and
disruption due to impacts has played an important role in shaping the development of the early
solar system, and in controlling the generation and delivery of meteoroids throughout the solar
system. Further consequences of disruptive impacts include the formation of natural satellites,
changing the axial tilt or direction of spin of a planetary body, which may lead to severe climate

extremes (see Section 4.5).

Transient Crater

Shear Failure

Mixed Failure

Tensile Failure

Figure 12: Zones of deformation in the rocks beneath the floor of a growing crater. Close to
the point of impact, stresses are strongly compressional and rocks fail in shear. At large
distances from the impact point, compressive stresses are low but the material is still
accelerated outwards by the expanding shock wave and fails in tension. Between the shear and
tensile failure zones is a region of mixed failure mode. Close to the surface, the interaction of
the shock wave and rarefaction wave produces the interference zone, a region of the target
that experiences tensile stresses (see text for details). Based on Ivanov et al. (1997).

Dilatancy

Dilatancy is the tendency of rocks and granular materials to change volume during shear
deformations. From shock passage to the end of crater modification, shear deformation of
target rocks is a primary consequence of cratering. The change in porosity caused by dilatancy
is a function of the amount of shear strain, the initial porosity, the pressure, and the temperature.
Dilatancy is suppressed at high pressures and temperatures, and can produce positive or
negative changes in porosity depending on the initial porosity relative to a critically dilatant

state of the material. Dilatancy is therefore enhanced in non-porous targets and on low-gravity

30



bodies where lithostatic pressure gradients are lower. Dilatancy has important effects on the
morphology, geophysical signature, and petrophysical properties of impact structures (Collins,
2014). In simple craters, dilatancy contributes to the shallowing of the final crater relative to
the transient cavity. Material from the rim of the crater is transported as debris flows into the
crater centre. As this occurs, dilatancy acts to bulk out the brecciated rock mass, therefore
reducing the final crater depth and making the greatest contribution to the mass deficit of the
crater - the mass lost in the crater compared to the pre-impact state. In complex craters, target
materials undergo more extreme deformation paths, experiencing dilatancy throughout that
path. In these craters, dilatancy in the shocked target rocks makes a greater contribution to the
mass deficit of the crater than the impact breccias that may fill the crater. This dilatancy is

expressed by fracturing.

Compaction

Impact processes during shock and deformation more generally can also act to reduce
the porosity of a material. If a target material has an initially high porosity, shock compression
will result in compaction of the material. As this compaction is related to shock compression,
it will act prior to any dilatancy or tensile fracturing of the target. Furthermore, shear
deformations more generally can act to reduce the porosity of a material by dilatancy if the

initial distension is greater than the critical distension of the material.

Uplift

During the early stages of cratering (contact and compression, excavation and the
beginning of modification), the target material that will be centrally uplifted are located deep
within the planetary interior. As such, they experience limited density reduction prior to uplift.
Once uplifted, their lower porosities/higher densities produce a relative mass excess. In
addition, mass excesses as a result of central uplift can be greatly aided or even dominated by
the effect of density stratification within the target, where most commonly, denser materials
are found at greater depths. For example, uplift of the crust-mantle boundary in lunar impact
basins is responsible for absolute positive gravity anomalies, so called Mascon basins

(Neumann et al., 1996; Melosh et al., 2013).
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Hydrothermal Activity

On a longer timescale, and on bodies with abundant volatiles, hydrothermal systems
can act to change the overall density of the target. High temperature hydrothermal systems can
act to increase porosity by dissolving minerals in the sub-surface. Hydrothermal activity can
also act to close pore-spaces through the precipitation of minerals. The overall effect for an
extinct impact-related hydrothermal system is generally expected be to be a net closure of pore

spaces, and consequent increase of density relative to the original post-modification density.

A Case Example: The Lunar Crust

A notable example how impact processes can lead to large scale density reduction of
planetary surfaces can be found on the Moon (Figures 13 and 14). The surface of the moon is
covered by regolith, a layer of fine-grained, unconsolidated, fragmental debris with little to no
cohesion. Regolith forms as a result of comminution and overturn due to small meteorite
impacts (Shoemaker et al., 1969). The lunar regolith is ~5 — 20 m thick (Papike et al., 1982;
Bart et al., 2011; Yue et al., 2019). Regolith formation is expected on all planetary bodies with
thin atmospheres. Beneath the lunar regolith is a layer of rock, 10-25 km thick, that causes
extreme scattering of seismic signals (Latham et al., 1972). High resolution gravity data
acquired by the Gravity Recovery and Interior Laboratory (GRAIL) spacecraft show that the
bulk density of the Lunar Highland crust is 2550 kg m (Wieczorek et al., 2013). This suggests,
based on remote sensing data and samples, that the lunar crust has an average porosity of ~12%
within the top few kilometres of the crust and that porosities typically decrease to ~8 % and
~3-4 % at depths of 10 km and 20 km respectively (Besserer et al., 2014). This layer of highly
porous and fragmented rock is known as the “megaregolith” (Hartmann, 1973). The
megaregolith is itself composed of an upper and lower layer. The upper megaregolith,
sometimes referred to as the “large-scale ejecta layer”, is several kilometres thick and is
composed of material transported during the formation of large impact craters, either by
excavation or collapse (Richardson and Abramov, 2020). The lower megaregolith, sometimes
referred to as the “in-situ fragmentation layer”, is approximately 10-20 km thick and is the
result of bedrock that has been fractured or fragmented by impacts but not ejected or otherwise
transported. This fragmentation is predominantly caused by tensile stresses that develop in the

wake of impact-induced shock waves (Wiggins et al., 2019).
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Figure 13: Schematic cross-section of the Lunar upper crust. The upper 5-20 m consists of
regolith; loose, unconsolidated fines produced by frequent small impact events. The large-
scale ejecta layer beneath is ~2-3 km in thickness. It consists of multiple deposits of impact
ejecta from large-scale impact processes. The fragmented layer beneath, ~25 km in thickness,
consists of lunar crustal rocks that were fractured in-situ by impact processes. The fragment
size increases with depth. Adapted from Horz et al. (1991).
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Figure 14: Upper crustal density and porosity maps of the Moon (Wahl et al., 2020). The maps
use a Mollweide equal area projection, centred over the lunar farside. Impact basins with
diameters >200 km are indicated with black circles, and the lunar mare, which were not
analysed for density and porosity, are outlined with thin black lines. Note that each impact
basin has a significant effect on the surrounding density and porosity of the lunar crust.

Physical properties of the Target: Thermal Modification
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A direct consequence of impacts is the heating, melting, and vaporisation of target
materials. The distribution of that heat energy is generally concentrated close to the centre of
the impact crater, and close to the surface. Impact heating can have a profound effect on the
physical properties of the target material: affecting the magnetic properties of rocks, driving
hydrothermal activity, resetting geochronometers, and allowing for the formation of economic

deposits.

Magnetism

In general, craters are characterised by magnetic lows, i.e. the process of impact
cratering results in demagnetisation of target rocks. Shock is capable of removing natural
magnetizations at pressures > 1 GPa (Hargraves and Perkins, 1969; Pohl et al., 1975; Cisowski
and Fuller, 1978), and decreasing magnetic susceptibility at pressures > 10 GPa (Kumar and
Ward, 1963).

While shock metamorphism is capable of demagnetising target rocks, shock
metamorphism can also be one of the causes of short wavelength magnetic anomalies within
impact structures. Impacts can induce so-called shock remnant magnetisation (SRM) in the
direction of the ambient magnetic field at the time of impact. The intensity of SRM is
proportional to the magnitude of the ambient field and decreases with distance from the point
of impact (Pohl et al., 1975; Cisowski and Fuller, 1978). SRM most commonly occurs in poorly
shocked rocks, at pressures greater than ~ 1 GPa and shock pressures sufficiently low that the
material does not exceed the Curie temperatures of the magnetic phases present. Short
wavelength anomalies are more generally caused by thermal and/or chemical remnant
magnetizations (TRMs and CRMs, respectively). TRMs can be generated as a result of shock
melting or by shock heating more generally. Impact melts will often crystallise magnetic carrier
phases that generate TRMs in the orientation of the ambient field at the time of crystallisation.
At lower post-shock temperatures above the Curie temperature of the magnetic minerals in a
given material, remagnetisation of the magnetic carrier phases will also result in TRMs. Partial
TRMs can also be generated at post-shock temperatures below the Curie temperature. TRMs
can be used as a method of dating impact structures (e.g. Pesonen et al., 1999; Lepaulard et al.,
2019). On volatile rich bodies, heating and brecciation of the target in impact craters can result
in hydrothermal systems that generate CRMs by the precipitation of magnetic carrier phases.
As the timescales of shock, cooling beneath the Curie temperature, and hydrothermal activity

are typically orders of magnitude different from each other, it is possible that different
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magnetizations within the same impact structure can record different magnetic fields. For
example, in the Chicxulub crater, impact melts record a reverse oriented TRM characteristic of
polarity chron 29r - the magnetostratigraphic unit at the K-Pg boundary. However, overlying
breccia deposits, which were likely deposited below the Curie temperature record both normal
and reverse oriented CRMs; normally oriented magnetizations suggest that hydrothermal
activity continued at the crater for a minimum of 150 kyr after impact (Kring et al., 2020).

In addition to generating magnetization in target materials, magnetic anomalies can be
generated by the redistribution of pre-existing magnetic materials. This is most commonly seen
in the formation of long-wavelength magnetic anomalies in large craters which are caused by

the uplift of magnetic basement materials.

Geochronometers

While magnetisation in target rocks can be used as a method of dating impact events, isotopic
dating is more commonly used. Radiometric dating of impact structures most commonly uses
U-Pb or Ar-Ar systematics (Jourdan et al., 2012; Schmieder and Kring, 2020). The most
common targets for isotopic dating are impact melt rocks, which may be glassy, or contain
mineral fragments whose radioactive clocks were reset, or contain newly crystallised minerals.
Additionally, in recent years, advancements of in-situ dating techniques have permitted the
combination of micro-structural and geochronological methods whereby impact structures may
be dated, even within only partially reset mineral grains (e.g. Darling et al., 2016; Erickson et
al., 2017; Timms et al., 2020). Consequently, geochronometers can be applied to date different
aspects of the impact cratering process; be it shock metamorphism, post-shock thermal
resetting, impact melt crystallisation, and hydrothermal element mobilisation or mineral

precipitation (Figure 15).
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Figure 15: Schematic illustration of geochronological targets within a complex impact
structure used to determine impact age and cooling timescale. This diagram shows the ~23
km-diameter Lappajdrvi impact structure in Finland with ages from Schmieder and Jourdan
(2013) and Kenny et al. (2019). Geochronometers with high closure temperatures (e.g., U-Pb
in zircon) record the best-estimate of the impact age, while lower-closure temperature
geochronometers (e.g. Ar-Ar in K-feldspar) record prolonged high-temperatures in the crater
as a result of hydrothermal activity. Figure from Schmieder and Kring (2020).

Economic Deposits

Impact structures can be important sources of economic deposits. Economic deposits are
characterised as pro-, syn-, or epi-genetic (Table 4; Grieve, 2005). Progenetic deposits result
from the displacement of pre-existing economic deposits, e.g. the uplift of U-bearing
lithologies at the Carswell impact structure. Syngenetic deposits can result directly from shock
metamorphism, e.g. the production of impact diamonds at Popigai, or the crystallisation of ore
minerals in impact melts or hydrothermal systems, e.g. the deposition of Cu-Ni-PGE ores at
Sudbury. Epigenetic deposits result from the concentration of economic deposits within impact
craters or impactites after the time of impact, e.g. hydrocarbon reservoirs in the Campeche bank
related to the Chicxulub impact. All of these types of deposits occur as a consequence of the

changes in the location and/or properties of target materials.

Table 4: Genetic groups of natural resource deposits at terrestrial impact structures. From
Grieve (2005).

Genetic group Principal mode of origin  Types of known deposits
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Progenetic

Syngenetic

Epigenetic

Brecciation

Structural displacement
Phase transitions

Crustal melting
Hydrothermal activity
Sedimentation

Chemical and biochemical
sedimentation

Fluid flow

Building stone, silica

Fe, U, Au

Impact diamond

Cu, Ni, PGEs, glass

Pb, Zn, U, pyrite, Au, zeolite, agate

Placer diamond and tektites

Zeolite, bentonite, evaporites, oil shale,
diatomite, lignite, amber, calcium phosphate

Oil, natural gas, fresh and mineralised water
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Geophysical Signatures of Impact Craters

In this final section, we summarise the geophysical characteristics of impact craters. These
characteristics of impact structures are ultimately the result of the changes in physical
properties caused by shock, impact, and post-impact processes as described in the previous

section.

Gravity Anomalies

Gravity data are sensitive to changes in density within the sub-surface; positive and negative
anomalies correspond to higher and lower densities (relative to the surroundings) respectively.
The wavelength of a gravity anomaly caused by a sub-surface mass difference, whether low or
high mass, increases as its depth increases. Long-wavelength anomalies therefore correspond
to deep structures while short-wavelength anomalies correspond to shallow structures. Impact
structures are generally associated with long-wavelength negative gravity anomalies,
indicating that, on average, cratering acts to reduce the density of the target relative to its pre-
impact state. Gravity anomalies associated with craters are typically circular in shape and, in
relatively pristine craters, extend to, or slightly beyond, the topographic crater rim. In large
craters (on Earth, > ~30 km), gravity anomalies have an annular gravity low that surrounds a
relative central high (Figure 16). Heavily eroded craters may only have a central gravity high,
without an annular low (e.g. Upheaval Dome or Kentland). The magnitude of the negative
gravity anomaly of a crater generally increases with crater size up to a limiting value (on Earth,
~30 mGal). This trend of increasing maximum gravity anomaly associated with craters is
primarily a result of dilatancy. In small craters, as the size of the impact increases so too does
the extent of dilated and fractured rock mass both laterally and vertically. The increasing
vertical extent of dilated rocks results in an increase in the maximum gravity anomaly as crater
size increases. However, beyond a critical size specific to the gravity of the planetary body and
the density of the target, the zone of dilated material cannot extend to greater depths due to
pressure supressing dilatancy. Consequently, beyond this critical size, the maximum gravity
anomaly remains relatively constant with increasing crater size. On Earth, the transition occurs

at approximately 20-30 km diameter (Figure 17)
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Figure 16: Gravity anomalies of terrestrial impact structures. Gravity profiles from Pilkington
and Grieve (1996). Bouguer gravity anomaly map of the Chicxulub impact structure, adapted

from
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Gulick et al. (2013) and refs. therein.
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Figure 17: Negative Bouguer gravity anomaly magnitude as a function of crater diameter for
terrestrial impact structures. The line Ag = D illustrates the proportional relationship between
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crater diameter and gravity anomaly magnitude in craters where D < 30 km. Adapted from
Pilkington and Grieve (1996).

Magnetic Anomalies

Most studies of the influence of impacts on the magnetic properties of rocks come from studies
of the Earth, where magnetic anomalies can be detected as a result of the interaction of
magnetic materials in the subsurface with the Earth’s magnetic field. The magnitude and shape
of a magnetic anomaly for a given body depends upon its location relative to the Earth’s
magnetic field, thus subsurface modelling of magnetic anomalies is considerably more
challenging than subsurface modelling of gravity data. Nevertheless, like gravity data, the
wavelength of a magnetic anomaly is related to the depth of the magnetic material in the
subsurface. Impact craters on Earth are typically characterised by a magnetic low (e.g. Clark,
1983), a product of demagnetization due to shock (Section 4.3.4.1). Large craters may possess
short wavelength magnetic anomalies near their centres, related to the precipitation of magnetic
minerals in impact melts or hydrothermal systems, and long wavelength magnetic anomalies,
related to the uplift of magnetic materials from depth (e.g. Chicxulub, Ortiz-Alemédn and
Urrutia-Fucugauchi, 2010; Figure 18; Section 4.3.4.1).

Portions of planetary crusts can be anomalously magnetized due to impacts. The lunar
crust is locally magnetized, despite its current lack of a magnetic field, and the weak magnetism
of lunar rocks. One particularly large grouping of magnetic anomalies is located on the
northern rim of the South Pole—Aitken basin and has been suggested to be caused by deposition
of the projectile from the SPA basin impact (Wieczorek et al., 2012), or from the cooling of a
large body of impact melt within an ancient lunar magnetic field. Similarly, magnetic
anomalies associated with impact structures on Mars have been used to constrain the timing of

activity of Mars’ now extinct dynamo (Hood et al., 2003; Lillis et al., 2013).
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Figure 18: Three-dimensional forward modelling of magnetic anomalies at the Chicxulub
Crater. a) three-dimensional configuration of modelled magnetic bodies. b) Synthetic
anomaly computed from a). c) Observed anomaly. Figure from Ortiz-Aleman and Urrutia-
Fucugauchi (2010).

Compositional Anomalies

Impact craters expose, eject, and exhume rocks that would otherwise remain in the subsurface
of tectonically inactive bodies, creating “anomalies” in surface composition as seen from orbit.
The ‘reach’ of this prospecting tool depends upon the depth to the compositionally distinct
material (larger craters excavate deeper material). Layering has been observed in the walls of
craters of various sizes on numerous bodies throughout the solar system, wherever the
resolution is available. Such wall exposures have been used to investigate lunar mare and
Martian lava flow thicknesses, and sub-surface composition, etc. (e.g., Kumaresan et al., 2020).

In complex craters, the crater formation process also exhumes deep material during central
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uplift formation, which can be used to investigate the deeper sub-surface strata of remote
planetary bodies (e.g., Ding et al., 2015; Quantin et al., 2012). The exposures of bedrock in the
walls and central uplifts of craters can be studied from orbit until erosion or subsequent
deposition masks their signatures. Furthermore, compositional differences between ejecta and
surrounding target materials can clearly be seen in compositional maps (Mustard et al., 2012,
Figure 19) of planetary surfaces. However, the relatively rapid erosion of these deposits, even
on airless bodies, tends to remove these compositional anomalies for all but the freshest impact

craters.
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Figure 19: Example of a compositionally distinct impact ejecta deposit on the Moon. This
example is shown in a) visual wavelengths by LROC WAC and in two visualizations from
Chandrayan’s Moon Mineralogy Mapper (M3): b) Red represents the combined mafic material
(pyroxenes and olivines), green represents impact melt and breccia, and blue represents
quenched  glass. (c) Spectral unmixing results, where red represents the
combined impactite deposits (quenched glass, impact melts and breccias), green represents

pyroxene-rich material and blue represents olivine-rich material. Figure from Neish et al.,
2021.

Seismic Properties

Impact cratering can have a profound effect on the seismic properties of the target; that is, the
velocity, impedance, and attenuation of seismic waves. These changes are due to a general
increase in porosity, fracturing, and brecciation that lead to reduced seismic velocities, higher
attenuation, and decreased coherent reflectivity in the target rocks. A number of exceptions to
these general trends occur, such as in centrally uplifted regions or in solidified impact melts

where seismic velocities and reflectivity can be high (Morgan and Rebolledo-Vieyra, 2012).
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Electrical Properties

The electrical resistivity of geological materials is generally very high. In the presence of
conductive fluids, resistivity decreases. Therefore, on bodies such as Earth where pore spaces
in the subsurface are generally filled with saline water, resistivity generally decreases with
increasing porosity, fracturing, and brecciation. The electrical properties of rocks are usually
determined by direct resistivity or magnetotelluric surveying. Impact craters are generally

characterised by low resistivities.
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Table 5: Geophysical anomalies associated with impact craters. Table from Morgan and
Rebolledo-Vieyra (2012).

Method Physical Resolution® Signature®
Properties
) ) . Impact fracturing, basin infill,
Density Gravity low (negative) ) ) )
Gravity Low (undefined) impact breccias, peak ring
Mass excess/deficit Central high (D >30km)  Central uplift
Magnetic . .
o Magnetic low (D <40 km) Demagnetized target rocks
Susceptibility
Shock metamorphism,
Short A anomalies (D> 10 hydrothermal processes,
Magnetics Low (undefined) km) thermoremnent
Remnant
Magnetism magnetization (TRM)
Long A anomaly (D > 40 )
Central uplift
km)
L Impact breccias, basin infill,
Direct o Low resistivity )
Resistivity Low (undefined) fractured rocks, peak ring
Resistivity . o o
High resistivity Central uplift, impact melts
o Impact breccias, basin infill,
. o Medium (~skin Low resistivity )
Magnetotelluric ~ Resistivity depth) fractured rocks, peak ring
ept o
High resistivity Central uplift, impact melts
) Impact breccias, basin infill,
Seismic Medium-high Low velocity )
Velocity fractured rock, peak ring
Refraction (Fresnel Zone) . . .
High velocity Central uplift, impact melts
Target rocks, megablock
zone, faulting, crater rim,
Reflectivity basin infill, central peak, peak
Seismic Acoustic High . )
ring, central uplift, melt sheet,
Reflection impedance (~wavelength) ) )
max. depth of disruption
Loss of coherent Impact breccias,
reflectivity fractured/brecciated rocks
Ground- ) )
. Electric and High o
penetrating ) ) Reflectivity Crater floor (small craters)
d Magnetic properties  (~wavelength)
radar

2The dimensions of the smallest body that can be resolved with each geophysical method are shown in parentheses.

Resolution can also be adversely affected by survey design, noise, and modelling approach adopted.

°D is crater diameter. A magnetic low means that there is only a small magnetic anomaly (positive or negative), whereas a

gravity low means that the gravity anomaly is negative.
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Global Consequences of Impacts and Implications for Future
Geologic Processes

In addition to the impact effects listed so far, large impacts can also indirectly affect target
geology on global scales. This short section explores the global outcomes of large impacts,
beginning with the multi-ring basin size range, and working upwards towards catastrophic
disruption of the target body.

Fundamentally, crater formation moves a section of the target away from its
equilibrium state of a flat plain. The excavation of material during impact crater formation,
combined with the lower density of the fragmented sub-crater debris relative to the surrounding
area, creates an isostatically uncompensated feature. This produces a circular ‘gravity low’
anomaly which has aided the identification of some terrestrial impact structures, (e.g.
Chicxulub; Hildebrand et al., 1991) and sites of ancient impact basins on the Moon (Evans et
al., 2016) .

The forces present after crater formation act to isostatically compensate for the loss of
material and density reduction. Over time, the crater floor will rise in response to these forces
and the rims become subdued, moving the crater topography towards isostatic equilibrium. The
mass movement of solid material is known as “viscous relaxation”. All materials flow under
applied stress over long enough time scales. The rate of viscous flow is temperature, strain rate
and crater-size dependent and can be imperceptibly slow at low temperatures and for small
craters. Figure 20a displays the Memphis Facula “palimpsest” on the Galilean moon
Ganymede, highlighting its flattened high-albedo inner section remaining after the viscous
relaxation of this large impact crater. A potential in-progress palimpsest — the penepalimpsest
Buto Facula - is also images in Figure 20a. Buto still retains some topography that hints at an
initial crater-form like that of anomalous dome and/or central pit crater, prior to viscous

relaxation softening its topography.
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Figure 20: a) Galileo image of the Memphis Facula palimpsest (left) and Buto Facula pene-
palimpsest (top right) on Jupiter’s icy moon Ganymede. Memphis Facula is approximately 340
km across. b) Voyager 1 image of the Valhalla multi-ring impact basin on Jupiter’s moon
Callisto. The bright central region is approximately 360 km across and has very little relief
after viscous relaxation of the original crater structure. The far-reaching ring system around
the impact point covers an entire hemisphere of Callisto.
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The far-reaching concentric rings of multi-ring basins such as Valhalla can span across
whole hemispheres of the target body and potentially extend down to the base of the brittle
lithosphere (McKinnon and Melosh, 1980). Deep fractures, impact-generated or not, provide
conduits for surface-to-subsurface material exchange (Geissler et al., 1998). As well as having
implications for astrobiology, the presence of global impact-related fractures influences
planetary geology by potentially producing sites for later magmatism or cryomagmatism (e.g.
Steinbriigge et al., 2020 and references therein). In the case of Valhalla and Ganymede’s
Galileo Regio trough system, the extensive fracturing is thought to be formed, not as a direct
result of the impact energy rippling through the crust, but due to the crustal response to the
presence of a mass deficit: The liquid mantle flowed to fill the gap left by the impact, fracturing
the more brittle ice of the upper crust in a concentric pattern (McKinnon and Melosh, 1980).

The mass deficit produced by the presence of a large impact basin can be large enough
to perturb the target body relative to its spin axis (Gold, 1955; Nimmo and Matsuyama, 2007).
This is also true for impact basins where significant mantle upwelling or basin infill has
occurred, producing a mass concentration (e.g. Sputnik Basin’s nitrogen ice fill; Johnson et al.,
2021). In the case of icy moons, with a crust decoupled from their silicate interiors by sub-
surface oceans, this can result in true polar wander as the ice crust reorients to place the mass
anomaly at a more energy-efficient location — Mass deficits at the poles, and mass
concentrations at the equator (Melosh, 1975). This has the result of moving previously
equatorial terrains into polar positions (and vice versa), radically changing the geological
processes that are ongoing over that portion of crust, and thus changing the geology of the
target.

Some impacts, occurring at fortuitous velocities and angles, are large enough to reorient
the spin axis itself (e.g. Kegerreis et al., 2018 and references therein), or even the spin direction
(Davies 2008). Impacts of the size necessary for such fundamental alteration are likely to have
removed a large portion of the planetary atmosphere and/or ocean (if the body had one). The
removal of any amount of volatiles will affect weather systems, surface conditions, and the
geologic processes occurring on that body. The types of rocks formed at the surface of that
body from then on will have been fundamentally changed. If a spin-axis change resulted in a
large spin-axis obliquity, the planetary body’s future now includes more extreme seasons as
the polar regions increase in size. In the case of Pluto, the temperature difference between the
fully illuminated north pole to the constantly dark south pole during the northern summer,
causes extreme volatile cycling. This drives sublimation and erosion of the surface ices, that is

far more active than would be expected were Pluto’s spin axis less oblique (Binzel et al., 2017).
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The largest impacts can disrupt a planetary body, partially or “catastrophically”. The
size of impactor required to cause catastrophic disruption, defined as an impact event that
produces a largest fragment that is half the size of the original target, varies for target body
gravity and material strength (Benz and Asphaug, 1999). A famous example of a giant
planetary collision is the Moon-forming impact where a Mars-sized projectile struck the early
Earth to produce the Earth-Moon system (e.g. Asphaug et al., 2021 and references therein).
Although damaging the Earth in the short term, the presence of a large satellite has stabilized
the Earth’s spin axis, constraining our axial ‘wobble’ to a modest 2.4 degrees over the last
million years, compared to Mars 20.6 degree variances (Ward et al., 1992). A stable spin axis
maintains a consistency to the climate zones (polar, equatorial, etc) that may have allowed for
life on Earth to have developed undisrupted by severe fluctuations in environmental conditions.
In addition, the presence of the Moon produces inter-tidal environments that may have assisted
the progression of life out of the seas and onto land.

Although the current day geology of our solar system is far removed, temporally, from
the devastating impact event(s) which changed axis obliquity, rotation direction, formed new
moons, etc., each planetary body’s geology is ultimately the indirect result of a series of
impacts, each creating a unique set of environmental conditions that produced the geology we

see today.
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Summary

Impacts have a profound influence on target materials and their properties. The passage
of a shock wave can lead to vaporisation, melting, solid-state shock metamorphism, and
fracturing and fragmentation of the target. Subsequently, material can be transported and
deformed by the processes of crater excavation and modification. The materials in the final
crater are generally less dense and some properties, such as magnetism, may be reset as a
consequence of their impact-related thermodynamic and deformation paths. The net effect of
multiple impacts can have important consequences for the development of planetary surfaces.
In this chapter, we have primarily focussed on the specific consequences of impacts on target
geology at the site of impact. However, impacts can affect the geology of target bodies in less
direct but still important ways, for example: disruption and accretion of planetesimals,

planetary supply of volatiles, magma ocean formation, and moon-forming impacts.
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