
1.  Introduction
Hypervelocity impact craters are common features of the surfaces of rocky bodies within the solar system, with 
impact events occurring since the formation of the solar system (Taylor, 1992). The 4.5 Ga history of impacts 
is recorded on the Moon, but planets such as Earth and Venus have active surface processes that obliterate the 
evidence of older impact events. The record of impact events on Earth is known to be incomplete due to constant 
re-surfacing processes.

In total, only 18 of the ca. 200 known impact structures on Earth are confirmed to have formed in the Proterozoic 
(Schmieder & Kring, 2020), and none in the Archean. Evidence of impact events in the Archean is limited to 17 
impact ejecta layers, with the oldest being 3.47 Ga (Byerly et al., 2002). In order to have a more complete record 
of impact cratering on Earth, Archean impact structures need to be discovered, but preserved Archean crust is 
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often deeply eroded and/or tectonically deformed. Thus, we need to study such properties of the oldest known 
impact structures to help facilitate the identification of new Archean and Paleoproterozoic structures.

The major effect of hypervelocity impacts on target rocks is changes in their physical properties, such as lowered 
density, increased porosity, and increased or decreased P- and S-wave velocity (Christeson et al., 2018; Pilkington 
& Grieve, 1992; Rae et al., 2019a, 2019b). Changes in physical properties through impact cratering have been 
linked to the overall high porosity of the lunar surface (Wiggins et al., 2022). Altering physical properties create 
gravity anomalies, which increase in diameter and magnitude as the size of the impact structure increases. It is 
also expected that the maximum magnitude of a gravity anomaly is achieved once the crater exceeds a particular 
diameter (depending on the planetary body), and impact structures above this diameter only have larger diame-
ter gravity anomalies without larger magnitude (Pilkington & Grieve, 1992). Modeling results suggest that the 
change in physical properties on Earth caused by large impact events should only extend to a maximum depth 
of ca. 10 km (Pilkington & Grieve, 1992; Wiggins et al., 2022). If this is the case, no observable impact-related 
changes in the physical properties of the rocks below this depth will be observed, resulting in a disconnect 
between the measurable physical properties of target rocks and the remaining geophysical signature.

In order for an impact structure to be discovered, an anomaly related to the impact must be observable and defin-
itive evidence of the impact must be preserved (Hergarten & Kenkmann, 2015). In this study, the deeply eroded 
Vredefort impact structure is tested for the detectable impact effects that can survive within the geological record. 
We collected samples along a transect through the core of the structure and measured the geophysical character-
istics of each sample. We examined our results relative to expected values for rocks with similar petrology and to 
hydrocode impact modeling results. We then evaluated the degree to which the records of older impact structures 
can survive through time and determined that the erosional level of Vredefort is near the maximum erosional level 
at which evidence of impact could be detected.

2.  Geological Setting
The Vredefort impact event occurred 2019 ± 2 Ma (Moser, 1997) within the Kaapvaal Craton, resulting in an 
impact structure that had an original diameter of at least 170 km based on numerical modeling (Ivanov, 2005) 
and had structural effects to a diameter of ca. 300 km (Friese et al., 1995). The center of the impact structure is 
located approximately 100 km SW of Johannesburg, South Africa, and is generally considered to coincide with 
the position of Lake Inlandsee (e.g., Hart et al., 2000). The target rocks included basement granites and granitoids 
(Tonalite-Trondhjemite-Granodiorite [TTG]) of the Kaapvaal craton, overlain by Dominion Group lavas,  the 
Witwatersrand Supergroup, the Ventersdorp Supergroup, and the Transvaal Supergroup (Bisschoff, 1972). At 
2.06 Ga, prior to the Vredefort impact event, the large layered mafic intrusion Bushveld Complex formed to the 
north-east (Cawthorn & Walraven, 1998), and intrusive dikes from the Bushveld event extended into the target 
area of Vredefort (Flowers et al., 2003).

After the impact event, the structure was subjected to extensive erosion, estimated to be between 7 and 10 km 
based on fluid inclusions (Schreyer, 1983), and between 8 and 11 km based on metamorphic P-T paths (Gibson 
et al., 1998). The erosion removed most impactites, including the melt sheet and proximal ejecta, as well as crater 
morphology including any form of crater rim or peak ring structure that may have existed. Thus, a deep profile 
through the impact structure is now exposed. The only remnants of impact melt rock are several impact melt dikes 
known as the “Vredefort Granophyre Dikes” (Koeberl et al., 1996). The impact structure was buried after the 
impact and then partially exhumed ca. 1 Ga later (Kovaleva et al., 2019), and then affected by Permian glaciation 
(Cavosie et al., 2017). More recently, the rocks of the Karoo supergroup buried the structure, and Jurassic dolerite 
dikes cut through some portions of the crater. The southeastern part of the impact structure is still covered by the 
Karoo Supergroup (Figure 1).

Presently, the primary exposure of the impact structure is within the Vredefort Dome, which has a “core” of 
granitoid and mafic crystalline rocks in the interior and a “collar” of metasedimentary and metavolcanic rocks 
(Bisschoff, 1972). This structure represents the formerly buried central uplift of the impact basin (Figure 1). The 
Vredefort Dome is surrounded by the Potchefstroom Synclinorium. The fold axis of the synclinorium is approx-
imately 70–75 km radial distance from the center of the impact structure and follows the curvature of the collar 
rocks (Friese et al., 1995). Beyond the Potchefstroom Synclinorium, the Rand Anticline Thrust Zone is located at 
a radial distance of ca. 115 km from the center of the impact structure (Durrheim et al., 1991).
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3.  Materials and Methods
3.1.  Samples

A profile of 11 samples were taken from the crystalline basement rocks of the Vredefort Dome for the purpose 
of measuring their geophysical characteristics (Figure 1, Table 1). The profile started from the Inlandsee, which, 
for the purpose of this study, is assumed to represent the center of the impact structure, and extended outwards 
to the boundary with the collar rocks along a non-linear profile. Samples were taken based on the availability of 
outcrops and access to property.

3.2.  Petrography

Thin sections of each sample were prepared and analyzed petrographically to determine the precise rock types, 
degree of alteration of the samples, degree of shock effect, and visible extent of fracturing within the samples. 
Each thin section was point counted with a 2 × 2 mm grid to determine the mineralogical composition, resulting 
in approximately 200 points per thin section.

3.3.  Geophysical Properties

The bulk rock properties were determined from 25 by 50 mm cores taken from the collected samples. The ultra-
sonic velocity (Vp and Vs) and porosity were measured at the Core Laboratories Inc., Houston, TX, USA, by the 
pulse-transmission method and the Boyle's Law method, respectively. For a broader comparison of the samples 

Figure 1.  Geological map of the Vredefort impact structure overlain on a digital elevation model. Only Proterozoic and older 
geology are shown. The position of the Potchefstroom Synclinorium is plotted along with the maximum-estimated diameter 
of the impact structure. Sampling locations in this study are plotted as “+” symbols. Note that some symbols overlap due to 
their close proximity. Geological data from the South African Council for Geoscience. Terrane topography from the Shuttle 
Radar Topography Mission (Farr & Kobrick, 2000).
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with the larger structure, the Bouguer gravity data of the Vredefort structure and 
surrounding area, provided by the South African Council for Geoscience, were 
analyzed using QGIS 3.22.

3.4.  Rock Physics Modeling

Using Matlab, we calculated the theoretical densities and elastic properties of each 
sample using effective medium theories and the mineral abundances 𝐴𝐴 (𝑓𝑓𝑖𝑖) that were 
obtained by the point counting. For each mineral, we used two extreme values of 
density, bulk, and shear modulus assuming that plagioclase is a solid solution of 
anorthite-albite, K-feldspar is microcline, biotite is muscovite or chlorite, serpen-
tine could be either chrysotile or antigorite, clinopyroxene is a solid solution of 
enstatite-ferrosilite, and opaque minerals are solid solutions of magnetite-rutile. 
Maximum and minimum values for each possible bulk (K) and shear (G) modu-
lus for mineral assemblage were determined. Finally, for each rock sample, 
we calculated P- and S-wave velocities for the Voigt (VpV and VsV) and the 
Voigt-Reuss-Hill (VpVRH and VsVRH) bounds. Values for literature data were 
also calculated using the same script. Reference samples of Aue granite (AUE, 
Stanchits et al., 2006), Westerly granite (WSG, Brace, 1965; Coyner, 1984; Krech 
& Chamberlain,  1974; Siegfried & Simmons,  1978), Chelmsford granite (CHF, 
Coyner, 1984; Todd, 1973), Barre granite (BRR, Birch, 1960; Coyner, 1984; Krech 
& Chamberlain, 1974), and Chicxulub granite (CHX, Morgan et al., 2017) were 
used. See Supporting Information S1 for details on the precise calculations made.

3.5.  Hydrocode Modeling

A numerical simulation of the Vredefort impact event was performed to provide a 
comparison between the observed and modeled physical properties of the samples 
from the structure. Here, we used the parameters presented by Ivanov  (2005) 
for the Vredefort event using the iSALE-2D shock physics code (Wünnemann 
et al., 2006). iSALE is based on the SALE hydrocode solution algorithm (Amsden 
et al., 1980) modified to include an elasto-plastic constitutive model, fragmenta-
tion models, various equations of state, and multiple materials (Ivanov et al., 1997; 
Melosh et al., 1992). In the early 2000's, a modified strength model was developed 
(Collins et al., 2004), resulting in the versatile shock physics code, SALEB, capable 
of simulating impact events from the first contact of the impactor with the target to 
the cessation of the gravity-driven collapse of the crater. This code was presented 
and used by Ivanov (2005) to model the Vredefort impact event. The SALEB code 
was subsequently developed into iSALE with improvements including a porosity 
compaction model (Collins et al., 2011; Wünnemann et al., 2006), and a dilatancy 
model (Collins, 2014).

In summary, the impact event is simulated with a 14-km diameter projectile at an 
impact velocity of 15 km/s. The target is composed of three layers: an upper layer, 
14 km thick, of metamorphosed sediments with an equation of state for quartzite 
(Melosh, 2007); a middle layer, 31 km thick, of crust with an equation of state for 
granite (Pierazzo et al., 1997); and a lower layer representing the mantle with an 
equation of state for dunite (Benz et al., 1989). The geothermal gradient through 
the lithosphere was defined as 17.5 K/km. For further details, see Ivanov (2005). 
The only modification that we added to the parameters of Ivanov  (2005) is the 
inclusion of dilatancy (Collins, 2014), which quantifies the volume change, that is, 
pore opening/closure, that occurs while the rocks undergo shear deformation. We 
used the recommended low-Geological Strength Index (GSI) dilatancy parameters 
for all lithologies (see Collins  (2014), for further details). The input files of our 
simulation are included in Supporting Information S1.Sa
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4.  Results
4.1.  Samples and Petrography

Using the Inlandsee as the central point of the impact structure, samples were taken at radial distances between 
0 and 21.5 km from the center (Table 1). Two samples are the impact melt rocks (HG-2 and FNN-2). Of the 
remaining crystalline rocks, based on the modal analysis of thin sections, six are granites (Figures 2a and 2b), two 
are granodiorites (FNN-1 and IS-1), one is a charnockite (AWB-1), and one is a quartz-rich granitoid (AWB-1). 
The granites and granitoids have experienced low-grade metamorphism, and bear evidence of recrystallization 
and metasomatic reactions. Myrmekitic textures are common in the granites and granitoids (Figures 2a and 2b). 
Sericite after plagioclase and chlorite after biotite alterations are prevalent in many of the samples (Figure 2), 
and sample SQ-2 contains epidote. Remnants of shock effects are present in all of the samples, particularly 
expressed as recrystallized planar deformation features and planar fractures in quartz. Two of the samples have 
mm-wide pseudotachylite veins transecting the thin sections (Figures 2e and 2f; KJK-1, and AWB-2), so that 1–2 
area % of the thin sections are composed of pseudotachylitic material. The impact melt rock HG-2 has a typical 

Figure 2.  Petrography of samples in this study. (a). Charnockite sample AWB-1. This sample was measured to have high 
porosity with a midrange velocity. Plane-polarized light (PPL). (b). Same area as in panel (a), cross-polarized light (XPL). 
(c). Quartz grain from sample PGE with shock features that have been recrystallized. PPL. (d). The same area as in panel (c), 
XPL. (e). Impact melt from sample HG-2 with partially recrystallized quartz inclusion, PPL. (f). The same area as in panel 
(e), XPL.
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composition of Vredefort Granophyre, containing a groundmass of fine inter-
growths of pyroxene laths and plagioclase, with quartz-rich xenolithic inclu-
sions that preserve shock features. The impact melt rock FNN-2 is broadly 
similar to xenolithic inclusions within a granophyric textured groundmass.

4.2.  Rock Properties

The measured physical properties, along with the precise locations of the 
samples and the corresponding Bouguer anomaly at the sites where the 
samples were taken, are summarized in Table 1. At the Inlandsee, the poros-
ity is 0.96%, decreasing to 0.24% at 11.9 km distance. The maximum poros-
ity values were at 13.8 (1.19%) and 21.5 km (1.20%) (Figure 3). The Vp of 
the samples ranges from 5.17 to 6.09 km/s. Between 0 and 11.9 km from the 
center of the structure, Vp increases from 5.17 to 6.09 km/s, but from 13.8 
to 21.5 km distance, Vp decreases to a range between 5.18 and 5.55 km/s 
(Figure 4). The Vs of the samples range from 3.14 to 3.59 km/s. From 0 to 
11.9 km, relative to the center of the structure, the Vs increases from 3.18 
to 3.59, and from 13.8 to 21.5  km, Vs fluctuates from 3.14 to 3.37  km/s 
(Figure 4). The porosity of the samples ranges from 0.23% to 1.20%.

4.3.  Matlab Modeling

The results of the calculations are summarized in Table 2, as well as Figures 
S1–S4 and Table S1 in Supporting Information S1. All of the measured grain 
and rock densities are either within the calculated bounds or have a difference 
of less than 2% from the nearest calculated value (Figure  5). The highest 
mismatches are for samples IS1, HG2, and AWB2 where the density is lower 
than the lowest calculated value. The measured density of IS1 is 2.57 g/cm 3, 
and the calculated density averages 2.635 g/cm 3. The measured density of 
HG2 is 2.65  g/cm 3, and its calculated density averages 2.704  g/cm 3. The 
measured density of AWB2 is 2.57 g/cm 3, and the calculated density averages 
2.619 g/cm 3. All five test samples have densities within the calculated bounds 

Figure 3.  Ratio of Vp and Vs compared to porosity. Note that samples AUE, WSG, CHF, and BRR are reference samples of 
unshocked granite, and CHX is a sample from the upper peak ring of the Chicxulub impact structure. All control samples are 
plotted in gray.

Figure 4.  Comparison of measured properties with distance from the center 
of the Vredefort structure. Color-coding of symbols as in Figure 3. Note that 
all samples were taken within the core of the structure.
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except for sample BRR, whose density is 0.3% below the lowest calculated 
value. The calculated and measured densities, therefore, are similar.

All calculated P- and S- wave velocities are lower than those calculated 
using the upper Voigt bound, representing the maximum possible values of 
an aggregate. The Voigt-Reuss-Hill average (VRH) P- and S- wave veloc-
ities for the five test samples agree well with the measured values. The 
highest mismatches are those of samples AUE and CHF, whose measured 
P-wave velocities are ∼10% higher and ∼8% lower than the VRH bounds. 
The S-wave velocities for samples AUE and WSG are ∼15% higher than 
the VRH bounds. All the other test samples have S-wave velocities within 
or very close to the VRH bounds (Figure  5). The P- and S-wave veloci-
ties for our samples are ∼10%–∼40% higher than the VRH velocities. In 
particular, samples FNN2, FNN1, HG1, and HG2 have measured veloci-
ties that are 25%–40% higher than the VRH values. Such samples are all 
clustered around the center of the impact crater and are those presenting 
the highest melt portion. Sample IS1, which is at the crater center, and the 
samples farther away from the impact crater center (AWB1, AWB2, PGE, 
SQ1, SQ2, KJK1, and KJK2) present velocities ∼20% higher than the VRH 
values (Table 2).

4.4.  Gravity

The Bouguer gravity anomaly of the Vredefort Structure can only be distin-
guished from the surrounding terrane within the area of the Vredefort Dome 
(Figure 6a). The NW of the Dome has a gravity high of −95 mGal, with 
a broad peak that extends across 37  km. The area south of the Bushveld 
Complex, 135 km radially from the center of the Vredefort structure, has a 

gravity low of −180 mGal. The slope of gravity demonstrates that the gravity anomaly immediately surround-
ing the Vredefort Dome is related to the structure, but the surrounding gravity lows are unlikely to be related 
to Vredefort (Figure 6b). A trough has a localized gravity low of −130 mGal, and the center of the Dome has a 
peak of −120 mGal. The SW of the structure has a gravity low of −140 mGal (Figure 6c). Overall, the Kaapvaal 
Craton has a Bouguer anomaly ranging from approximately −30 to −190 mGal (Figure 7). The most positive 
anomalies on the Kaapvaal craton are associated with the Bushveld Complex and the Trompsburg layered igne-
ous intrusion, each having Bouguer gravity anomalies of −50 to −30 mGal (Westgate et al., 2022). The lowest 
anomalies on the Kaapvaal craton are associated with thick sediments of the Karoo Supergroup, causing Bouguer 
gravity anomalies as low as −180 mGal. The southern margin of the Bushveld Complex has similarly low gravity 
anomalies, likely related to warping of the Moho caused by the large intrusive mass of the Bushveld Complex 
(Webb et al., 2004).

There is no obvious correlation between the Bouger gravity anomalies field areas selected in this study and 
the measured properties of the samples (Table 1). Based on the lack of correlation, it is unlikely that there is a 
controlling factor between the measured physical properties and the gravity data.

4.5.  Numerical Modeling

The iSALE simulation of the Vredefort impact event has minor variations with the original SALEB simulation 
of Ivanov (2005). Here, the crater has a final rim-to-rim diameter of 152 km compared to 172 km (Figure 8a). 
At 8–10 km depth in the model, metamorphosed sedimentary rocks occur from radial distances of ∼24 km, 
consistent with the expected amount of post-impact erosion and the present-day boundary between the collar 
and core of the Vredefort Dome. At 8–10 km depth, the simulation predicts an increase in porosities imme-
diately after crater formation in the core at less than 0.4% (Figure  8b). In the collar, porosities may have 
increased by 4.5% (Figure  8b); however, it is important to note that the upper crustal layer was assumed 
to have no initial porosity. Higher initial porosities would result in a lower magnitude of impact-generated 
porosity.

Figure 5.  Measured values of grain density, density, P- and S- velocity 
normalized to calculated theoretical values (Table 2). Note that samples AUE, 
WSG, CHF, and BRR are reference samples of unshocked granite, and CHX is 
a sample from the upper peak ring of the Chicxulub impact structure.
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Figure 6.  (a) Gravity anomaly of the Vredefort impact structure. Gravity highs are located near the collar of the Vredefort 
Dome and in the center of the Dome. Line indicates the location of the profile shown in panel (c). (b) Slope of gravity of 
the Vredefort impact structure ranging from 0 (blue) to 90 (white). Note that the Vredefort Dome is clearly definable in this 
projection. Values were calculated. (c) Gravity profile through the Vredefort Dome along A-A′. A broad gravity high is still 
present. Data from the South African Council for Geoscience.

Figure 7.  Gravity map of the Kaapvaal Craton. The Vredefort structure does not have a prominent gravity high or low 
compared to the surrounding craton. Data from the South African Council for Geoscience. Craton boundary from Hasterok 
et al. (2022).
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5.  Discussion
5.1.  Comparison of Vredefort With Chicxulub

In order to establish the preservation potential of a large impact structure, it 
is necessary to compare a deep transect through an impact structure with a 
fully preserved, similarly sized impact structure. The erosional profile of the 
Vredefort impact structure permits a geological transect to be taken through 
the exposed surface rocks. Of the three known basin-scale impact structures 
in the world, Vredefort is the only one that exposes the buried central uplift 
to be studied directly in the field. Chicxulub, by contrast, is a near-pristine 
basin-sized impact structure. Furthermore, the recent work on the Chicxu-
lub impact structure surrounding the ICDP-IODP drilling project 364 has 
produced a wealth of data that can permit an updated comparison between 
Vredefort and Chicxulub to be made, despite the 1.95  Ga age difference 
between the impact structures. Many of the features of the two impact struc-
tures are similar and can be directly related to one another.

The size of the Vredefort structure has been debated for decades. An early 
estimate by Dietz  (1961) suggested a size as small as 40  km, as he only 
considered the inner part of the Vredefort Dome to represent the impact 
structure, but later workers suggested a size up to 300  km based on seis-
mic profiles, fault analysis, and scaling estimations based on the peak ring 
size (Therriault et al., 1996; Turtle et al., 2003). Numerical modeling of the 
Vredefort structure has suggested a diameter of 180 km (Ivanov, 2005). Simi-
larly, Chicxulub has been estimated to be between 160 and 200 km in diame-
ter (Collins et al., 2008, 2020; Gulick et al., 2008, 2013; Morgan et al., 2016; 
Rae et  al.,  2019a,  2019b). A direct comparison between the Vredfort and 
Chicxulub structures was made by R. A. F. Grieve et al. (2008), who consid-
ered that the individual structural features of the impact structures were indis-
tinguishable, and considered the structures to be approximately of the same 
size (e.g., R. Grieve & Therriault, 2000; R. A. F. Grieve et al., 2008).

Comparable major structural features are present at both Vredefort and Chicxulub 
(Figure 9). Vredefort preserves the hinge zone below the supracrustal sequence 
that likely indicates rocks that were below the peak ring with a radial distance 
of 30–35 km from the center of the structure. The Potchefstroom fault has a 
radial distance of 70 km, and the Rand Anticline and thrust zone is located at a 
radial distance of ca. 115 km from the center of Vredefort (Friese et al., 1995). 
At Chicxulub, major crustal-scale faults are observed at a similar radial distance 

of 75 km, and the exterior ring faults are at approximately 125 km (Gulick et al., 2013). Seismic profiles of these 
structures at Chicxulub show that they dip toward the center of the structure, suggesting that erosion should reduce the 
radial profile of the structure. Most of the Chicxulub structural effects do not extend below a depth of 10 km, although 
whole crustal faulting is inferred for the inner rim faults (Gulick et al., 2013) and the Moho is upwarped beneath the 
buried central uplift by 1–2 km (Christeson et al., 2009; Gulick et al., 2013). A reasonably strong correlation can be 
made between the observed features at Vredefort and the deep features at Chicxulub at a depth of 8–9 km (R. Grieve 
& Therriault, 2000), possibly suggesting an independent evaluation of the erosional depth of Vredefort.

Apart from similarities, there are a few differences. The target of Vredefort was cratonic crust overlain by a thick 
supracrustal sequence (i.e., >10 km), as opposed to Chicxulub, where the asteroid impacted relatively young 
continental crust with a moderate thickness of supracrustal sediments (i.e., <3 km). The two impact structures 
provide two different views of processes occurring in basin-sized impacts: the pre-impact depth of the Vredefort 
samples is likely 25–30 km (Figure 8), a significantly greater depth than the peak-ring samples that have been 
analyzed at Chicxulub, which had a pre-impact depth of 10 km (Morgan et al., 2016).

The difference in erosional level between Vredefort and Chicxulub affects the physical properties of the rocks that 
crop out or are accessible by drilling in both structures. The samples from the upper part of the Chicxulub peak 

Figure 8.  (a) Final timestep of iSALE simulation of the Vredefort impact 
event. At this time, major cratering motions have ceased. Porosity in the target 
is color-shaded and contoured. (b) Radial profile of porosity in the simulation 
at 8–10 km depth. The shaded region indicates the range of porosities in this 
depth interval.
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ring are strongly distinct from the expected values for the sampled litholo-
gies, for example, the Chicxulub granitoids have >10% porosity, 2.1 g/cm 3 
density, and 4 km/s Vp (Christeson et al., 2018), while unaffected granitoids 
have porosity <1%, density of 2.65 g/cm 3, and Vp of 5.5 km/s. In contrast, 
the physical properties of the measured Vredefort samples in this study are 
within error of the expected values of equivalent lithologies unaffected by 
shock metamorphism, and from the theoretically calculated values for these 
samples, with the exception of velocity (Table  1). Velocities for Vrede-
fort  samples are higher than for equivalent unshocked lithologies, the cause 
of which may be domains of impact melt rock, depth of origination of these 
rocks due to the unroofing provided by the impact, or the combined effects of 
impact and burial. Greater physical property changes that may have occurred 
to the samples were potentially eliminated through re-equilibration as the 
rocks might have remained buried at depth after the impact for at least 1 Ga 
(Kovaleva et al., 2019; Moser et al., 2011). Therefore, the geophysical char-
acteristics of individual samples leave few methods for conclusively iden-
tifying an impact event from physical properties alone, with the potential 
exception of melt rock and its high Vp/Vs ratio. This is consistent with the 
geophysical signature of impact melt (high Vp, high Vp/Vs ratio, low perme-
ability) being detectable in a variety of geophysical techniques (i.e., Fourie 
et  al.,  2019), and may indicate that impact structures remain potentially 
detectable by geophysical methods even in the subsurface, provided that a 
significant amount of impact melt is preserved.

Previous analysis of gravity signatures of impact craters has shown that as 
crater size increases, the magnitude of the gravity response increases until 
it reaches its maximum. After that point, the value remains at the maximum 
and only the diameter of the gravity response increases. The principal factors 
determining the gravity signature of an impact structure are the changes in 
the geophysical properties of the rocks in the upper 10 km of the structure 
and the uplift of the mantle below the crater (Pilkington & Grieve, 1992). 
The gravity signature of the Vredefort impact structure has a much lower 
magnitude than other gravity anomalies within the Kaapvaal Craton that are 
attributed to tectonic structures (Figure  7). The remaining gravity anoma-
lies at Vredefort are probably controlled by a combination of the remnants 
of material that was underthrust beneath the peak ring (i.e., the suprac-
rustal sequence) and the uplifted Moho beneath the Vredefort Structure 
(Youssof et al., 2013). At Chicxulub, changes in the physical properties of 
the rocks can be correlated with geophysical data (Christeson et al., 2018; 
Rae et al., 2019a, 2019b) as the increased porosity and decreased density of 
the shocked target rocks decrease the density and velocity within the upper 
stratigraphic levels of the structure.

5.2.  Potential for Discovery of Archean Impact Structures

The Archean Eon represents a time of substantial crustal growth, including the formation and growth of green-
stone belts and cratons and the potential onset of modern plate tectonic processes (e.g., Voice et al., 2011). Older 
greenstone belts and tonalite-trondhjemite-granodiorite (TTG) intrusions provided the cores of the cratons. 
Many impact ejecta horizons are known from greenstone belts, and have been interpreted to represent the largest 
known impact events. Additionally, preserved greenstone belts are typically strongly deformed and folded due to 
the  intrusion of surrounding TTGs both deforming and preserving the greenstone belts. The greatest growth of 
the continental crust occurred at ca. 2.7 Ga, meaning that there is only a 200 Ma window between the extensive 
growth of the Archean cratons and the Archean-Proterozoic boundary. However, the physical process of impact 
crater formation should not have differed. Any differences in the Archean atmosphere or surficial processes 
would not affect the deep portions of an impact structure that could still be theoretically preserved. To understand 

Figure 9.  Representations of Vredefort and Chicxulub craters in half-space, 
set at the same scale for comparison. Topography and general structure of 
Moho and crustal and surface topography from hydrocode models scaled 
to geophysical data. Fault representations modified from seismic reflection 
data interpretations for Chicxulub (Gulick et al., 2008) and Vredefort (Friese 
et al., 1995). Crater surface is shown as a thick black line (broken line for 
Vredefort), faults as thin black lines, approximate contour for sediments/
supracrustal section shown in yellow. All lines dashed were inferred at depth 
or projected above the erosion level to the original crater surface. Depth of 
erosion for Vredefort is shown as a blue band (8–10 km). Note that similarly 
the scale of the impact structures and correlation of the collar at Vredefort 
with the peak ring at Chicxulub, with the difference being the depth of 
erosion. P. Fault = Potchefstroom Fault.
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the potential of Archean impact structures to be preserved, it is necessary to examine the oldest Proterozoic 
impact structures.

Vredefort is one of the three oldest impact structures known, with the Yarrabubba structure having a suggested 
age of 2.23 Ga, and the Sudbury structure being 1.85 Ga. Each of these impact structures is significantly younger 
than the Archean-Proterozoic boundary. The Yarrabubba structure has an age constrained by the older 2.6 Ga 
monzogranites of the target rocks (Macdonald et al., 2003), and regional dolerite dikes that cross-cut the Yilgarn 
Craton that are dated between approximately 1.5 and 1.0 Ga (Pirajno & Hoatson, 2012). Shocked zircons and 
monazites from the structure have been dated to ca. 2.23 Ga (Erickson et al., 2020) based on two samples. The 
structure is deeply eroded but still preserves some thin pseudotachylites and shatter cones. The original size of 
the structure is poorly constrained but is assumed to be between 35 and 70 km (Erickson et al., 2020; Macdonald 
et  al.,  2003). It is unclear to what depth the structure has been eroded, as few outcrops of the structure are 
preserved on the surface. The Sudbury structure is approximately 170 Ma younger than Vredefort and experi-
enced a radically different tectonic history, being folded due to the Penokean Orogeny shortly after the impact 
occurred, burying major portions of the melt sheet deeply into the subsurface (Lightfoot et al., 1997). Despite the 
large amount of erosion that the Sudbury structure has experienced, the unusual tectonic deformation allows for 
the preservation of impact features. The original size of the Yarrabubba structure is not well understood, but the 
Sudbury and Vredefort structures are remnants of the two largest preserved impact structures on Earth.

Although Vredefort represents the remnants of the largest terrestrial impact event for which an impact structure is 
preserved, the 10 km of erosion that the structure has experienced has eliminated most of the defining geophys-
ical evidence of the impact event. There are no geophysical properties of the Vredefort structure that distinguish 
it from surrounding rocks, with the exception of the circularity of the anomaly pattern. The physical properties 
of the basement rocks are indistinguishable from unshocked rocks with the exception of a slight velocity increase 
above the expected, which may reflect the depth of origination of the rocks within the Vredefort Dome. The 
impact melt-rich samples also show a high Vp/Vs ratio. The gravity signature of Vredefort does not correlate with 
any of the physical properties measured in this study, and is most likely not controlled by shallow surface prop-
erties but rather by deeper features, such as the uplift of the Moho. The Bouguer anomaly of Vredefort is smaller 
than the anomalies of other geological features surrounding the impact structure (Figure 7). If the Vredefort 
structure in its present form were fully buried (e.g., by the Karoo sediments that cover the southern half of the 
structure), it would be exceptionally difficult to identify its presence from geophysical data.

The only types of evidence of impact that are still preserved at Vredefort are shocked minerals and high-pressure 
polymorphs with localized occurrences (e.g., Kovaleva & Habler, 2019; Kovaleva et al., 2019; Martini, 1978), 
shatter cones (also localized), and shallow remnants of the impact melt (Clark et al., 2021; Fourie et al., 2019). 
The shocked minerals in Vredefort are now well established, and include high-pressure phases such as coesite and 
stishovite (Martini, 1978), as well as shocked minerals, including PDFs and PFs in quartz (French et al., 1989), 
and microtwins and granular textures in zircon and monazite (e.g., Kamo et al., 1996; Kovaleva & Habler, 2019; 
Kovaleva et al., 2019; Moser et al., 2011). However, these features are best preserved locally, for example, within 
or around pseudotachylites or within the Vredefort Granophyre Dikes. The shock features in quartz are often 
recrystallized to the extent that they are debatable (e.g., Figure 2a). In the 1980s and 1990s, these features were 
observed by numerous workers who determined that they were not shock features (e.g., Reimold, 1990). The 
rocks experienced burial at a depth of 10 km after the impact event, and the geothermal gradient at such depths is 
sufficient to allow recrystallization and re-equilibration of many of the rock-forming minerals. What remains of 
shocked minerals may be removed by further erosion or easily hidden by burial of the impact structure. Shocked 
minerals are widely considered the most reliable form of evidence of shock metamorphism, but by their nature 
they require microstructural analysis. Remote sensing surveys or geophysical surveys that often allow for the 
initial discovery of a candidate impact structure will not reflect this type of evidence.

These observations provide a potential upper bound on the depth of erosion beyond which the evidence of an 
impact event is removed. The Vredefort Granophyre Dikes in the core of the structure have been demonstrated 
to be preserved at their lowermost extent based on electrical resistivity studies as well as a fortuitous trench that 
was produced adjacent to a Granophyre dike, confirming the depth extent (Clark et al., 2021; Fourie et al., 2019; 
Huber et al., 2022). A further 0.01 km of erosion would likely remove all of the dikes in the core of the central 
uplift, erasing one of the only remaining geophysical/physical property signatures (impact melt velocity). It is 
unknown to what depth pseudotachylites are preserved. Quarries, such as the sampled Salvamento quarry, extend 
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10–20 m below the present day surface, and pseudotachylites are locally exposed in the deepest floor rocks. 
Further erosion will remove the evidence of these melt rocks in the crystalline basement rocks, and possibly only 
a moderate amount of erosion will be required.

The supracrustal sequence that is around the crystalline basement originally lay beneath the peak ring of 
Vredefort and has a modern depth extent of about 1 km (Molezzi et al., 2019); therefore, it may be expected 
that a further 1 km of erosion would remove most evidence of shock metamorphism contained in these rocks. 
The slight velocity increase present relative to similar lithologies would not be diagnostic of an impact without 
other clear indicators such as shocked and impact melt rocks. The length of time that the impact structure will 
continue to be observable depends on the erosion rate. Large-scale impact structures (i.e., >100 km diameter) 
typically cause extensive areas of structural uplift and brecciation around and below the impact structure. As 
has been seen in the peak ring of the Chicxulub impact structure, the rocks in the upper peak ring are weak-
ened by the impact process, and the changes in physical properties generally cause the rocks to be more easily 
subjected to erosion. The impact melt sheet, by contrast, is a crystalline rock that would resist erosion. Once 
the impact melt sheet is removed, the weakened, brecciated rocks below the melt sheet can potentially be 
rapidly eroded. The zone of brecciation would extend down to the level in the crust where the fractures would 
be annealed. Therefore, an impact structure may experience relatively slow erosion soon after it forms until 
the melt sheet is penetrated, followed by rapid erosion while the brecciated zone is removed, and then slow 
erosion in the deep basement. Global observations suggest that the median erosion rate for drainage basins 
would be approximately 50 m/Myr, whereas stable outcrops may have low median erosion rates of 5 m/Myr, 
providing a range of endmember values to consider (Portenga & Bierman, 2011). At an average erosional rate 
of 50 m/Myr, 1 km of erosion could happen within 20 Myr; at 5 m/Myr, this could occur within 200 Myr. 
Based on the evidence from Vredefort, even the largest craters may be undetectable if they experience >10 km 
of erosion. At even modest erosional rates of 5 m/Ma, 10 km of erosion would occur within 2 Gyr. We predict 
that any existing impact structure older than 2 Ga must have experienced unusual preservation, and any crater, 
regardless of initial size, will be removed from the geological record once eroded beyond 10 km depth. It is 
currently unclear to what depth the Yarrabubba structure has been eroded, and further study of that structure 
may provide additional insights into the characteristics needed to allow the preservation of old impact struc-
tures. To find Archean impact structures, it is necessary to search in cratons where small amounts of erosion 
have taken place.

6.  Conclusions
1.	 �The measurable geophysical properties of samples at Vredefort are statistically indistinguishable from 

unshocked rocks with the exception of a small velocity increase compared to reference materials where impact 
melt rock is present.

2.	 �The gravity anomaly observed at Vredefort is controlled by deeper features rather than shallow characteristics 
of the target rocks.

3.	 �Vredefort is structurally remarkably similar to Chicxulub at a depth of 8–9 km, which suggests that the two 
structures have similar original sizes.

4.	 �A further ca. 1 km of erosion of Vredefort, which could happen in as little as 20 Myr, would result in a loss of 
evidence that the structure is impact-related.

5.	 �Any impact structure on Earth, if eroded below 10 km depth, will be difficult or impossible to identify.
6.	 �Archean impact structures can only be recognized if they are in areas of unusual preservation.

Data Availability Statement
Plotting of data was performed using Gnuplot 5.4 (http://www.gnuplot.info/). Maps were generated using QGIS 
3.28 (https://www.qgis.org/). Data for gravity and geology of South Africa are available from the South African 
Council for Geoscience (https://www.geoscience.org.za/index.php/publication/downloadable-material). iSALE 
is not currently available to the public and is accessible to the impact community on a case-by-case basis for 
non-commercial use. Details of iSALE access are available at https://isale-code.github.io/. Data sets for input 
files can be found in Huber et al. (2023). All other data and software used in this study can be found in the Meth-
ods section and Supporting Information S1.
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