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Abstract The early Earth (i.e., Archean and Hadean Eons, 2.5–4.0 and 4.0–4.5 Ga, respectively)
experienced frequent cosmic bombardment. Impacts have been shown to stimulate crustal alteration, for
instance via hydrothermal systems active for up to millions of years post‐impact. Using a shock physics code
that includes the effects of tensile fragmentation and porosity generation, we conduct the first comprehensive
study to quantify impact‐generated permeable volumes into the upper crust of the early Earth for a suite of
environmental (e.g., geothermal gradient, crustal thickness, presence of an ocean) and impact conditions
(e.g., impactor velocity and size). Inferences from our suite of impact simulations suggest that the volume of
impact‐induced permeable regions is strongly dependent on impact energy (i.e., impactor size and velocity). The
range of generated permeability (10− 20 to 10− 12 m2) within those regions, however, depends on the geothermal
gradient and crustal composition. Moreover, we use a bombardment history model to infer the cumulative
effects of recursive impacts onto the early Earth. We estimate that the upper 8 km shell of the Earth's crust may
have been made highly permeable by impacts prior to 4.3 Ga, and that a significant portion of this volume would
have been permeable until 3.5 Ga. These results show that impacts were instrumental in driving hydrothermal
alteration of the early Earth's crust, with important consequences for the geochemical evolution of near‐surface
environments.

Plain Language Summary Asteroid impacts on Earth and Mars have been found to have generated
hydrothermal systems. As a result of the impact, the crust is fractured. Heat from the impact and the background
geothermal gradient of the Earth's interior then allows for fluid circulation through these fractures.
Hydrothermal systems are thought to be environments in which life may have originated and/or evolved. Thus,
it is important to understand and quantify the generation of these systems by impacts on the early Earth. In this
study, we use computer models to simulate asteroid impacts of different sizes and velocities hitting the Earth.
We also vary the conditions of the early Earth accounting for a warmer interior and different crustal
compositions. When then calculate the volume of crust that is made permeable (i.e., fractured such that fluid can
flow) by impacts for each case. Finally, we consider the frequency of impacts on the early Earth and then
estimate how much volume of the Earth's upper crust would have been permeable throughout its first 1.5 billion
years. The vast permeable regions generated by these impacts likely led to prolonged hydrothermal activity
within the upper crust.

1. Introduction
Cosmic impacts were frequent on the early Earth. Impacts from planetesimals leftover from inner solar system
accretion and asteroids shoved inward by dynamical perturbations hit the Earth at rates up to 105 more frequent
than today (Marchi et al., 2009, 2014, 2021; Mojzsis et al., 2019; Nesvorný et al., 2023). The impact flux for this
era (specifically the Archean, 2.5–4.0 Ga, and Hadean, 4.0–4.5 Ga) can be estimated from the lunar cratering
record, radiometric ages of lunar samples, lunar and terrestrial highly‐siderophile abundances, and from terrestrial
spherule layers (Brasser et al., 2020; Johnson & Melosh, 2012; Johnson et al., 2016; Marchi et al., 2009, 2012,
2014, 2021; Morbidelli et al., 2012, 2018; Nesvorný et al., 2023; Neukum, 1984; Robbins, 2014).

As a result of a hypervelocity impact, a hemispheric shock wave expands into the subsurface followed closely
thereafter by a rarefaction or release wave. The rarefaction puts material into tension as it passes and is capable of
fragmenting large volumes of underlying rock. Chasmendolithic (fractures) and cryptoendolithic (internal po-
rosities) environments have been observed at terrestrial impact structures (e.g., Cockell et al., 2005; Osinski
et al., 2020). If the fractures and pores are interconnected, then fluid can flow. Fluid flow, coupled with heat from
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the impact (from nearby impact melt rocks, elevated geothermal gradients in central uplifts, and energy deposited
by passage of the shock wave), allows for the generation of hydrothermal fluid circulation (Cockell et al., 2024;
Osinski et al., 2013, 2020). These hydrothermal environments can be active for millions of years, depending on
the crater size (Abramov & Kring, 2005, 2007; Kirsimäe & Osinski, 2012; Kring et al., 2020; Marchi et al., 2024;
Osinski et al., 2013; Trowbridge et al., 2024). Hydrothermal mineralization within impact structures has been
observed on Earth and Mars (Kring et al., 2020; Osinski et al., 2013). Notably, hydrothermal systems are thought
to be key environments for the origin and evolution of early life (e.g., Longo & Damer, 2020; Martin et al., 2008;
Osinski et al., 2020). More generally, impacts have also been shown to create habitable environments conducive
to microbial colonization (Osinski et al., 2020) in the form of lithophytic communities, hydrothermal systems, and
impact crater lakes. Some of these environments are created within the subsurface, sometimes kilometers in
depth, and provide protection from the potentially harsh environment at the surface.

Previous modeling efforts of the post‐impact effects on the early Earth tend to focus on the thermal effects on
habitability (e.g., Abramov & Kring, 2005; Abramov & Mojzsis, 2009; Abramov et al., 2013; Grimm &
Marchi, 2018). Earlier studies modeling fluid flow in this era used now outdated assumptions about the impact
flux (i.e., invoking a late heavy bombardment) or assume that impact‐generated porosity and permeability
decrease exponentially with depth— but recent studies have shown that porosity and permeability vary in
complex ways both laterally and vertically in impact structures (Alexander et al., 2024; Marchi et al., 2024).
Moreover, previous models did not take into account permeability due to fragmentation. Wiggins et al. (2022)
suggested that the area of impact fractured rocks during the Hadean may have exceeded three times the surface
area of the Earth. Such extensive fragmentation would have major implications for permeability (as was shown in
Alexander et al., 2024), wherein the inclusion of fragmentation increased the permeable volume by an order of
magnitude as compared to previous estimates and drill core data. Numerical modeling coupled with an analytical
permeability computation which accounts for impact‐generated porosity and fragmentation have shown that
widespread permeable volumes are introduced into the subsurface down to depths of 25 km and at depths of a few
km out to 4 crater radii (see Alexander et al., 2024; Marchi et al., 2024).

With these results in mind, a major question that arises is how much of the crust is made permeable—and thereby
a possible environment for extremophiles (hydrothermal or lithophytes)—as a result of impacts for the early
Earth? This question is the motivation for this study. The goal of this study is to produce a quantitative estimate of
the impact induced permeability and investigate to what extent impacts in the Hadean and early Archean
introduced permeable regions, which may have played a role in Earth's early pre‐biotic evolution, which we
explore via a wide parameter space to consider various hypothesized environments and conditions.

2. Methods
Modeling impact‐generated permeability on the Archean and Hadean Earth requires an understanding of the
structure of the surface and subsurface. However, very few rocks exist on Earth today that are older than 4 billion
years (the oldest rocks being from the Acasta gneiss complex, 3.8–4.2 Ga (e.g., Van Kranendonk et al., 2018) and
4.16 Ga metagabbroic intrusions within the Nuvvuagittuq Greenstone Belt, Sole et al., 2025). As a result, our
understanding of the environment of the Hadean and Archean is incomplete and limited. Yet, some studies have
made estimates for the primitive crustal composition and thickness, heat flow and geothermal gradient, as well as
ocean depth (Bickle, 1986; Herzberg et al., 2007; Korenaga, 2021; Sleep &Windley, 1982). From these works, it
is generally accepted that the mantle was significantly hotter than today (due to heat from accretion and
enrichment of radioactive elements, e.g., Herzberg et al., 2010). Thus, for the early Earth, we explore geothermal
gradients of 25, 50 and 75 K/km (with corresponding conductive lid thicknesses of 48.5, 24.2, and 16.1 km depth,
respectively). Further, an early basalt crust is expected to overlay the hot mantle, but the thickness of this crust is
debated (Korenaga, 2021; O’Neill et al., 2014). To explore the range of possibilities, we simulate 0, 25, 50, and
100 km crustal thicknesses. We also consider the effects of a 5 km ocean overlaying target stratigraphy in select
simulations.

All modeling presented in this work was done with a version of the iSALE shock physics code (Amsden
et al., 1980; Collins & Melosh, 2014; Collins et al., 2004, 2011; Wünnemann et al., 2006) that includes Grady‐
Kipp dynamic tensile fragmentation and tensile porosity generation (seeWiggins et al., 2019, 2022). All materials
are modeled using the ANEOS equation of state (EoS) for basalt (Wiggins et al., 2022, based on Pierazzo
et al. (2005)) and forsterite (based on Benz et al. (1989) and was updated to include molecules and a melt curve by
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Collins and Melosh (2014)). For the select few simulations which include an ocean, the Tillotson EoS for water
was used (O’Keefe &Ahrens, 1982). We use a strength model suitable for rocky materials (Collins et al., 2004) as
well as a dilatancy model to account for porosity generated during shear deformation (Collins & Melosh, 2014).
Every simulation has a resolution of 40 cells per projectile radius, which corresponds to a minimum cell size of
12.5, 125, 625, 1,250 and 3,125 m for the 1, 10, 50, 100, and 250 km projectiles, respectively. Each cell within the
high resolution zone of our simulation also contains a Lagrangian tracer particle that tracks the motion and state of
a parcel of material. An illustration of the full extent of the simulation suite, including mesh sizes, is provided in
Figure 1. Material parameters for this modeling can be found in Table S1 in Supporting Information S1. A table of
the full simulation suite, with details on mesh and materials are uploaded on FigShare (Alexander, 2026).

Porosity and fracture area are computed, advected, and tracked for each cell and tracer particle numerically via the
dilatancy, tensile porosity and tensile fragmentation subroutines mentioned previously. The fragmentation model
uses the Weibull parameters λ and m for a specific strain rate ε to determine a number of active flaws per unit
volume as N = λεm following Grady and Kipp (1980). Wiggins et al. (2019) found that for basaltic targets,
λ = 1036 m− 3 and m = 9.5. As described in Wiggins et al. (2019) Appendix A, tensile damage is accumulated
when a minimum failure strain is achieved. Fracture area is then computed, advected, and tracked for each cell
(see Equation A5, Wiggins et al., 2019) and is used to compute fragment size in post processing as
dfrag = 3(m + 3)(m + 2)/ areafrac where areafrac is fracture area per unit volume such that fragment size, dfrag,
has units m. This analytical expression allows for the estimation of permeability introduced by fractures that can
be larger than the size of an individual cell.

Permeability is computed following Heap et al. (2020) which computes effective (total) permeability as a two‐
dimensional model for water flow in parallel layers of a fractured rock mass, from Farquharson and Wads-
worth (2018). We modify Heap et al. (2020)'s approach in that permeability due to porosity replaces intact
permeability and the permeability due to fracture is an additive quantity per unit volume to the permeability due to
porosity yielding Equation 1:

kt = (1 − wf ) kp + (wf kf ) (1)

where wf is the fractional width of fractures per unit length (wf = h/dfrag), h is average fracture width, set as
0.25 × 10− 3 m from the assumptions described in Heap et al. (2020), dfrag is the typical fragment size (peak of the

Figure 1. Summary illustration for different impact conditions and Hadean environments explored. We consider impactor sizes 1–250 km in diameter, basalt crust
thicknesses 0–100 km thick, geothermal gradients 25–75 K/km. The mesh size is variable based on the impactor size. Ranges of high‐resolution zones are depicted. Full
mesh sizes ranging from 60 km wide in the smallest case to 26,000 km in the largest case. Not shown are select cases where a 5 km ocean was placed on top of the basalt
crust. In total, the results from 37 simulations were analyzed and discussed in this paper. Input files for all simulations can be made available. A full table of all
simulations completed is available on Figshare (Alexander et al., 2024).

AGU Advances 10.1029/2025AV002097

ALEXANDER ET AL. 3 of 17

 2576604x, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025A

V
002097 by Sergio Sancevero - C

apes , W
iley O

nline L
ibrary on [11/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



size frequency distribution, computed in iSALE, Wiggins et al., 2019), and kf = 1 × 10− 9 m2 is the fracture
permeability (Heap & Kennedy, 2016; Heap et al., 2020). kp is the permeability computed from the effect of
porosity:

kp =
2(1 − (ϕ − ϕc)(ϕ − ϕc)

n
)

(− 3(1 − ϕ) ln(1 − ϕ))/a2
(2)

where n is a percolation exponent (set to be 4.4 from Heap et al. (2020)), a is the average pore size (set to be
3.9 × 10− 6 m, Alexander et al., 2024), ϕ is the impact‐generated porosity which is output from our iSALE
modeling and ϕc is the percolation threshold (set to be 0.03, Alexander et al., 2024). The numerical values re-
ported here constitute our baseline model, and in Section 4.1 we include a discussion on the selection and effects
of these material constants and also perform a sensitive study. We also include a more detailed description of the
effective permeability equation (Equation 1) in Section S1 in Supporting Information S1. Permeability, porosity,
and fragment size are computed for all unmelted tracer particles. Melted tracers are determined using their peak
entropy and pressure (described in detail in Marchi et al. (2026)) and then masked.

3. Results
3.1. Extensive Permeability Is Generated in the Upper Crust

In total, 37 iSALE simulations were conducted to explore the various environments and impact conditions. The
“fiducial model” for each impactor size includes an impact velocity of 15 km/s, geothermal gradient of 50 K/km
and basalt crust thickness of 50 km. To illustrate the results without including 37 individual crater cross‐sections,
we show the final permeability through the cratered landscape for each fiducial model of each impactor size in
Figure 2. We find that permeable magnitude typically ranges from 10− 20 to 10− 12 m2, as shown by the color bar in
Figure 2.

To comment on how these impact‐generated permeabilities compare with known terrestrial values, Figure 3,
adapted from Ingebritsen and Sanford (1998) and Ingebritsen et al. (2006), shows the permeability generated in
this work (yellow shaded bar) relative to other typical permeable thresholds and ranges. From this we impose
permeable cut‐off of 10− 20 m2 where no advective solute transport is expected to occur. All results henceforth will
be for permeability greater than 10− 20 m2. We note that advective heat transport is expected for permeability
greater than 10− 16 m2 and we find such permeable conditions are generated for several crater radii beyond the
impact point, especially in the upper‐most 20 km of the crust.

This permeability is created in the first moments following impact when the material is in tension; minor fluc-
tuations in permeability occur during the rise and collapse of the central uplift (as shown in Figure 4 and Figure S2
in Supporting Information S1).

3.2. Permeability Generation as a Function of Impact Conditions

Next, to show the effects of impact conditions and early Earth environments, permeable volume has been
computed for each model for the upper‐most 20 km and is shown in Figure 5. The restriction of the uppermost
20 km was imposed as a region with accessible water and where over burden pressure does not immediately crush
out voids (see discussion below). The total permeable volume for each simulation is available in the data table
uploaded on FigShare (Alexander, 2026).

There is a clear trend of increasing permeable volume with impact energy. This trend is expected, as the stress
wave from a higher energy impact penetrates deeper into the crust and further from the impact point, fracturing
more material than a lower energy impact. The distribution of all fiducial simulations in the form of impact energy
versus permeable volume introduced follows a power law of Vperm = cEimp

b where Vperm is the permeable
volume generated in km3 and Eimp is the impact energy in Joules. The solid gray line in Figure 5 shows the fit with
c = − 12.60 ± 0.03 and b = 0.80 ± 0.02, in log‐log space. We have also plotted fits for the more conservative
permeable thresholds of 10− 16 m2 (for heat transport) and 10− 14 m2 (typical of modern geothermal reservoirs) in
dashed and dotted lines in Figure 5.
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Figure 2.
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For comparison, the estimated volume of the modern‐day Yellowstone hydrothermal system is ∼1 × 104 km3

(Kring et al., 2020, show by the yellow “Y” line in Figure 5) and we estimate the volume of impact‐generated
permeability for Chicxulub as ∼1 × 106 km3 (Alexander et al., 2024, shown by the blue “C2” line in
Figure 5). The 1 km projectile cases generate permeable volumes that are 2–10 times less than the estimated
volume for the Yellowstone hydrothermal system. All 10 km impactor cases result in permeable volume similar to
what we estimated for the Chicxulub system (Alexander et al., 2024). The 50, 100, and 250 km impactor sizes all
generate permeable volumes 2–4 orders of magnitude larger than what we estimated for Chicxulub. We
emphasize that even in the most conservative permeable threshold cut‐offs, for all impactor sizes, the permeable
volume generated by a single impact is greater than the modern Yellowstone hydrothermal system.

Considering environmental parameters, it appears that geothermal gradient, and thickness of a basalt crust do not
have a strong effect on the permeable volume, with a scatter up to a factor of 2 relative to the fiducial case (see
Figure S3 in Supporting Information S1). The scatter depicted in Figure S3 in Supporting Information S1 is
characteristic for all impactor sizes. The total permeable volume for the warmer and cooler geothermal gradient
cases (relative to the fiducial) are within ∼10% relative to the fiducial case, while crustal thickness has a wider
scatter, corresponding to a variation of up to twice the permeable volume.

The inclusion of a 5 km ocean stunts the development of permeable space. Figure 6 shows the resulting
permeability distribution for each of the four cases (1 km, 10 km, 50 km, and 100 km impactors; the 5 km ocean
could not be resolved in the 250 km impactor case). When a 5 km ocean is present, the strength of the stress wave
from the impact is reduced by passing through the overlying ocean, resulting in less intense and less vast frag-
mentation. Table 1 quantitatively shows this effect where in each case with an ocean present, there is a ∼30% or
less decrease in permeable volume. In addition to reduction in permeable volume, the distribution and magnitude
of permeability is different (more permeable)—particularly for the 1 and 10 km impactor cases; permeability
magnitude is discussed next.

The magnitude of permeability as a result of impact and environmental conditions can be assessed by looking at
the cumulative distribution of permeable values. To do so, we plot the permeability of each tracer particle in the
final timestep for each simulation that has permeability >∼10− 20 m2 and bin them. Figure 7 presents the prob-
ability of each permeability (by logarithmic magnitude) within the permeable region in the form of a CDF that is
normalized by total permeable volume, for each of the 100‐km impactor cases. The CDFs are sorted by impactor
size and then colored based on the other model specifics (i.e., impact velocity, target geotherm, basalt crust
thickness).

As we imposed the advective solute transport cutoff at 10− 20 m2, all of the data falls above this threshold. We find
that ∼20–50% of the data (depending on impact and environmental conditions) is within the advective heat
transport threshold of 10− 16 m2 and most of the data is below the modern geothermal reservoir regime of
10− 14 m2. Even with the most conservative cut‐offs, significant permeable volume is still generated—on the order
of 103–107 km3, as shown in Figure 3.

From this plot (the trend is similar to the other impactor sizes), we observe that warmer geotherms result in less
permeable zones on average while impacts into cooler geotherms lead to regions with overall higher permeability.
Pore space generation through shear deformation and dilatancy becomes ineffective when the melt temperature is
approached (Collins, 2014). Thus, the enhanced permeability for lower thermal gradients is likely caused by
enhanced porosity generation through dilatancy. The presence of an ocean has a similar effect. The increase in
temperature with depth is delayed by 5 km, so the stress wave that has already diminished some from the water
interacts with cooler material at depth, generating smaller fragments and enhanced porosity generation. There-
fore, simulations with the 5 km ocean result in having a higher‐than‐average permeable magnitude, as compared
to the rest of the models (there is a greater volume of material that has permeability >10− 14 m2). The effect of the
thickness of a basalt crust on permeable magnitude is less obvious, discussed more in the next section.

Figure 2. Final crater cross sections with tracers plotted to showmaterial (light brown= crust, dark brown=mantle; note that both crustal types may not be visible due to
overplotted permeability) and permeability (color bar) for each fiducial model run. The colorbar data plotted on left side of each panel represents total permeability from
both impact‐generated porosity and fragmentation and on the right side of the panel only permeability due to fragmentation is plotted. (a) 1 km impactor; (b) 10 km
impactor; (c) 50 km impactor; (d) 100 km impactor; (e) 250 km impactor (all impactors hit a target with 50 km basalt crust, 50 K/km geotherm at 15 km/s). Gray points
are melted material, as determined by peak entropy as described in the text. Note that these plots are vertically exaggerated to show the permeable region in detail.
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Figure 3. Typical permeability threshold (adapted from Ingebritsen et al. (2006)) for common materials and processes, along
with the permeabilities produced in this work. Geothermal reservoirs (sometimes called geothermal fields), such as
Yellowstone, are natural underground regions which are porous and permeable with a heat source and groundwater flow.

Figure 4. Time series for crater evolution of the fiducial 100 km projectile case. As in Figure 2, tracers plotted with the colorbar represent impact‐generated permeability,
light brown material represents the basalt crust (although obscured by permeable tracers), dark brown material represents mantle material, and gray tracers represent
melted material. Note the axes change between the top two panels and the bottom two panels and that these plots are vertically exaggerated. Note that as in Figure 2, the
colorbar data plotted on left side of each panel represents total permeability from both impact‐generated porosity and fragmentation and on the right side of the panel
only permeability due to fragmentation is plotted.

AGU Advances 10.1029/2025AV002097

ALEXANDER ET AL. 7 of 17

 2576604x, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025A

V
002097 by Sergio Sancevero - C

apes , W
iley O

nline L
ibrary on [11/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4. Discussion
The modeling presented in this work is the first comprehensive study of impact‐generated permeability for a suite
of early Earth crustal environments. In this section we will discuss the nuances of the permeability computation
from porosity and fragmentation as well as the effects of material models, parameters and equations of state.
Then, we will address limitations and caveats in our approach and calculation. Finally, we will infer implications
for recurrent impacts on the early Earth.

4.1. Permeability Distributions and Controls on Permeable Magnitudes

The CDFs of Figure 7 are sorted by impactor size and then colored based on the other model specifics (impact
velocity, target geotherm, basalt crust thickness). In general, while impacts with less energy produce overall less
permeable volume, the permeability within those regions is higher (i.e., more conducive to fluid flow). This is
likely because larger impactors result in larger fragment sizes as compared to smaller impactors (as shown in
Figure S4 in Supporting Information S1), due to lower strain rates, yielding a reduced fracture permeability. In
addition, larger impactors induce permeability to greater depths, but much of this permeability is low in
permeable magnitude.

Another observation is that impacts into the mantle‐only models (i.e., 0 km crust) have lower permeable mag-
nitudes than impacts into targets with basalt crust. The permeability computation relies on several material
constants (see Alexander et al., 2024) and due to limitations in published works on permeability of impact units,
we use the same constants for both basalt and forsterite (from Heap and Kennedy (2016) and Heap et al. (2020)
derived for Ries suevites and volcanic andesites). Thus, the difference in permeability between forsterite and
basalt in this work must derive from the rheological model parameters and/or the EoS. To determine which, we
separate permeability into the components from fragmentation and from porosity (i.e. effective permeability from
porosity as kϕ = (1 − wf ) kp) and effective permeability due to fragmentation as kfrag = wf kf , which are plotted
in Figure 8.

Figure 5. Total permeable volume (for permeability greater than 10− 20 m2 and depth less than 20 km) as a function of impact
energy. Points are colored based on the simulated geothermal gradient. Orange, triangular points include a 5 km ocean on top
of the target stratigraphy for fiducial model set‐up. The gray lines (solid, dotted, dashed) are the power law fit for the fiducial
models for permeable cutoffs of 10− 20, 10− 16, 10− 14 m2, respectively. Note that individual gray scatter points for each
fiducial case at the more conservative permeable thresholds are plotted with their respective lines Line Y = volume estimate
for Yellowstone hydrothermal system (Kring et al., 2020); Line C1= lower volume estimate for Chicxulub impact‐generated
hydrothermal system (Kring et al., 2020); Line C2 = upper volume estimate for Chicxulub impact‐generated hydrothermal
system (Alexander et al., 2024).
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Figure 6.
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Comparing the CDFs for permeability from fragmentation and permeability from porosity along with visual
inspection of the permeability in the crater cross sections, we find that permeability from fragmentation accounts
for the majority of permeable volume (Figure 8d) while permeability from porosity results in higher permeable
magnitudes (Figure 8a). That is, fragmentation drives the vast extension of impact‐generated permeability, but
impact‐generated porosity is critical for creating permeable spaces sufficient for fluid flow (kt > 10− 20 m2). In
addition, the CDF for permeability from fragmentation alone reveals that the case with no basalt crust has sys-
tematically lower permeability than the rest of the models. This reduced permeability is a result of differences in
the EoS for forsterite and basalt and how it affects the rarefaction wave; as a result, larger fragments are generated
from lower strain rates in the forsterite as compared to basalt.

4.2. Assumptions and Caveats

Computing permeability from porosity and fragmentation is a challenging endeavor that requires several as-
sumptions. Here we detail the basis and limitations of these assumptions. First, as described in Alexander
et al. (2024), the fragmentation model implemented by Wiggins et al. (2019), which is used in this work, only
accounts for fragmentation as a result of tension. The porosity predicted by material in tension in iSALE is likely
an upper bound as this porosity may be compacted out with the rise and collapse of the central uplift and crater
modification, but in the model, it is treated as irreversible and persists throughout the simulation. Since our model
does not include compaction, the porosity remaining in the final crater is likely an overestimate. As a result, a
reduction in permeable magnitude, particularly several crater radii beyond the crater rim, would be reduced. To
illustrate this effect in full transparency, the permeability plotted in Figures 2, 4, and 6 shown on the left is always
the total permeability including the effects of impact‐generated porosity and fragmentation while the right panel is
always permeability due to fragmentation alone (kfrag = wf kf ). The differences are subtle as permeability due to
fragmentation is the main driver in permeable volume, but permeable magnitude is reduced in parts of the crater
when permeability due to porosity is not included.

Second, there is no current model for fragmentation as a result of shearing. Shear fragmentation from the passage
of the shock wave as well as during the collapse of the central uplift would result in additional grinding of the
material down to smaller fragment sizes. Smaller fragment sizes would subsequently result in higher overall
permeability values.

Further, fracture width (h from wf = h/ dfrag from Equation 1) would ideally be calculated as h = ϕ/ areafrac
where ϕ and areafrac are both outputs from iSALE. However, due to the lack of shear fragmentation, h computed
as such leads only computes the largest fracture widths (greater than meter‐scale). While larger fractures would
exist, they would be filled in by breccia and cataclasites. Thus, we elect to use h = 0.25 × 10− 3 m for our
simulation suite from assumptions in Heap et al. (2020). Related, fracture permeability, kf , would typically be
computed as kf = h2/12 for parallel plates (Zimmerman & Bodvarsson, 1996). However, as we are unable to
realistically compute fracture width, we set kf as a constant for our simulation suite, 1 × 10− 9 m2 (Heap &
Kennedy, 2016; Heap et al., 2020).

We caution that effective permeability depends on the scale at which it is observed and calculated. Core data and
wellbore data have been shown to have a 3 order of magnitude variation in permeability for crystalline granite but
is to the same order of magnitude in tuff and volcanic melt systems (Ingebritsen & Sanford, 1998; Ingebritsen
et al., 2006). Heap and Kennedy (2016) similarly cautioned that laboratory measurements of pristine rocks will
underestimate the equivalent permeability and that lab measurements of fractured rocks can overestimate the
effective permeability. Effective permeability can be computed two‐dimensionally for horizontal flow along
parallel layers via an arithmetic mean, vertical flow perpendicular to parallel layers via a harmonic mean, and in
any random direction from a geometric mean (Baker et al., 2015). In this study, we compute an arithmetic mean of

Figure 6. Final crater cross sections with tracers plotted to show material (light brown = crust, dark brown =mantle, cyan = ocean; note that both crustal types may not
be visible due to overplotted permeability) and permeability (color bar) for each fiducial case with an ocean (250 km impactor not shown as it was not modeled as the
5 km ocean could not be resolved). Note: the ocean layer is plotted but not easily visible in panels (c and d). Note that the impact produces a large‐scale tsunami and the
ocean still sloshes around for long durations post impact (e.g., Range et al., 2022). Eventually, the ocean would return to a steady state, but at longer timescales than the
impact simulations are modeled in this work. As in Figures 2 and 4, the colorbar data plotted on left side of each panel represents total permeability from both impact‐
generated porosity and fragmentation and on the right side of the panel only permeability due to fragmentation is plotted.
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the permeability per cell from contributions of each porosity and fragmentation (as introduced in Section 2). For
the same set of data, kharm ≤ kgeom ≤ karith and would only be equal in a homogenous reservoir. Thus, the
approach outlined in this work is an upper bound. For more on the computation of arithmetic, geometric, and
harmonic effective permeability, see the Section S1 in Supporting Information S1.

4.2.1. Sensitivity of Permeability Computation

We emphasize that petrophysical data for terrestrial impactites is limited. The only known studies which estimate
and report the petrophysical constants necessary for computing Equations 1 and 2 have been completed for the
Ries impact structure and Chicxulub (both of which are characterized by limestone and granite impactites; re-
ported in Heap et al. (2020) and Alexander et al. (2024), respectively). No known petrophysical constants have

Table 1
Permeable Volumes Generated by Impacts for Each of the 1, 10, 50, 100 km Cases With an Ocean and Without

Simulation name with ocean Permeable volume (km3) Simulation name without ocean Permeable volume (km3) Ratio of permeable volumes

1 km fiducial 2.61E+03 1 km fiducial 3.81E+03 0.69

10 km fiducial 8.46E+05 10 km fiducial 1.15E+06 0.74

50 km fiducial 6.14E+07 50 km fiducial 7.33E+07 0.84

100 km fiducial 1.57E+08 100 km fiducial 2.10E+08 0.75

Note. The rightmost column reports the ratio of permeable volume (with ocean:no ocean). The permeable volumes reported here are for the 10− 20 m2 permeability cutoff.

Figure 7. Cumulative distribution functions for permeability within each cell of the mesh that has permeability greater than
1 × 10− 20 m2 and depth > − 20 km for the 100 km impactor cases. The y‐axis represents the fraction of the total permeable
volume with permeability less than or equal to the value shown on the x‐axis; a value of 1 on the y‐axis corresponds to the
entire permeable volume. The purple bars at log10k = − 20, − 16, and − 14 correspond to permeable thresholds for advective
solute transport, advective heat transport, and modern geothermal reservoirs, respectively (as described in the text and as
illustrated in Figure 3).
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been established for basalt or forsterite targets. Further, the lack of Hadean and early Archean rocks makes it even
more difficult to estimate the appropriate constants for this study. To overcome this barrier, we approximate the
necessary material constants using those for Chicxulub and Ries. As a result, there may be substantial un-
certainties in the resulting porosity and permeability. However, our results from Chicxulub as compared to the
drill core suggested impact‐generated porosity matched very well and that a ten‐factor increase of impact‐
generated permeable volume could be attributed to large‐scale fragmentation not able to be resolved in the
drill core data (consistent with findings by Heap and Kennedy (2016)).

To provide assurance that the results of this study are reasonable, we conducted a sensitivity study via monte carlo
analysis to vary each material constant in Equations 1 and 2 (i.e., h,n,kf ,a,ϕc). The ranges explored (which are
obtained from literature) and references for such selections are available in Table S2 in Supporting Informa-
tion S1. Figure 9 shows the resulting permeable volume histogram and CDFs of realized permeable magnitudes
for our study.

This analysis produces a unimodal, right skewed distribution of permeable volume with most realizations
clustering around 2.3–2.6 × 108 km3. The volume for the fiducial model (10 km impactor, 15 km/s impact ve-
locity, 50 K/km geotherm, 50 km basalt crust) falls on the lower side of the distribution, approximately 15% below
the distribution peak, reflecting our conservative choice of nominal material parameters.

While total permeable volume (regions with kt > 10− 20 m2) varies over a narrow range across the ensemble,
permeable magnitude exhibits greater variability. Specifically, the median permeability magnitude spans several
orders of magnitude across the 1,000 realizations, despite falling well within the 5th to 95th percentile range of the
explored parameter space. This indicates that while the extent of permeability generated by impact processes is

Figure 8. (a) CDF for permeable volume for all 100 km projectile cases where permeability is computed solely from contributions due to impact‐generated porosity
(permeability > 10− 20 m2, depth > − 20 km). (b) Crater cross‐section for 100 km impactor case and no crust. Tracers with permeability due to porosity only are plotted
with the color bar. (c) CDF for permeable volume for all 100 km projectile cases where permeability is computed solely from contributions due to impact‐generated
fragmentation. (d) Crater cross‐section for 100 km impactor case and no crust. Tracers with permeability due to fragmentation only are plotted with the color bar. In both
A & D mantle material is shown in dark brown and melt is shown in gray. For all panels, permeability > 10− 20 m2, depth > − 20 km.
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robust to uncertainties in the material parameters, the intensity of permeability is more sensitive to those same
parameters. We find that uncertainty around the fracture constants (specifically h and subsequently kf ) have the
strongest influence on permeable volume magnitude (see Figure S7 in Supporting Information S1).

Figure 9. Results from sensitivity analysis for permeability computation. (a) Histogram of permeable volume for each
parameter arrangement (i.e., h,n,kf ,a,ϕc) in our study (n = 1,000). The red dotted line is the total permeable volume
computed for the fiducial 100 km impactor case. (b) All permeable CDFs for each parameter arrangement in our study are
shown in gray. The red line is the CDF for the fiducial 100 km case, which matches the brown curve in Figure 7. The blue dashed
lines show the 5th and 95th percentiles (see text for details).
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Another complicating factor would be preexisting target rock permeability.
Heap and Kennedy (2016) found that for a host rock with very high pre‐
impact permeability (10− 12 to 10− 11 m2), the presence of tensile fractures
did not raise the permeability. However in their tests for rocks with low
permeability (<10− 15 m2), tensile fractures increase the permeability by
several orders of magnitude. In this work we assume intact rock, but find that
permeability values converge to a maximum of ∼10− 12 m2, which is in
agreement with the limit for pre‐fractured rock. Further, rock with perme-
ability >10− 15 m2 would likely be limited to the uppermost surface as the
lifetime for voids and fractures is limited by overburden pressure.

4.2.2. Closure of Void Space

Due to the closure of pores and fractures as a consequence of overburden
pressure (Fowler, 1985; Nara et al., 2011), which is complicated by heat flow
and fluid flux, there is also uncertainty in the lifetime of the permeable region
at depth. We show a simple conceptualization of the lifetime of the permeable
region (not accounting for fluid flow, impact heating or cooling, or miner-
alization) in Figure 10, we consider the viscous closure of void space. The
longevity of the permeable regions can be described as a function of the
overburden pressure (Fowler, 1985). Figure 10 shows the closure timescale

for voids with depth for the relevant geothermal gradients calculated using the flow law for Maryland diabase
(Caristan, 1982). Note that diabase is an intrusive igneous rock with a basaltic composition and should be a
reasonable analog for the crust. The timescales depicted in Figure 10 are relevant far from the impact point, where
impact heating is minimal and significant permeability present (e.g., several crater radii away, in the upper‐most
20 km; see Figure 2).

If we consider that the lifetime for the Chicxulub hydrothermal system is estimated to be at least 106 years (Kring
et al., 2020), we find that the fractures and pores generated by impact which survive more than 106 years would be
confined to depths of ∼18, 10, and 7 km for geotherms 25, 50, and 75 K/km, respectively. Thus, long‐lasting
permeability would be restricted to the upper crust. It is worth noting, however, that the estimated lifetime of
Chicxulub's hydrothermal system neglects the effect of pore closure. Closer to the melt sheet, it is harder to
estimate the lifetime of voids due to competing processes expediting (i.e., impact heating) and delaying (fluid
flow) closure.

4.3. Broader Implications for the Early Earth

The early Earth experienced frequent bombardment during the Archean and Hadean eons. The findings from this
study emphasize that each impact would have imparted significant permeable space into the upper crust. Using a
characteristic impact flux for the early Earth produced by monte carlo modeling in Marchi et al. (2021), we
compute the incremental impact‐generated permeable volume for the early Earth (Figure 11). The figure shows an
incremental plot of total permeable volume (which may be contributed from multiple concurrent but not over-
lapping impacts) for that time bin. Note that we do not assume overlapping impacts (i.e., concurrent and sub-
sequent impacts are impacting an intact surface), nor do we include void closure in this model.

From this plot, for all times where the orange envelope exceeds the gray dashed line, the entire upper 20 km of the
Earth's crust would have been permeable. As void closure is neglected in our model, we also consider the effect of
impact injected permeability in the upper 8 km of the crust, where void closure can be neglected since the collapse
timescale is greater than the 25 Myr time bin for the nominal geothermal gradient of 50 K/km. There is a vertical
shift in the envelope, shown in the red outline in Figure 9, illustrating the decrease in permeable volume due to a
smaller volume of crust being considered.

Prior to 4.3 Ga, both the 8 and 20 km shells are repeatedly made permeable at any time bin. By 4.25 and 4.1 Ga, the
permeable volume drops below saturation for 20 and 8 km, respectively. Significant impact‐generated perme-
ability (>50% shell volume) in the upper 8 and 20 km remains until about 3.75 and 3.8 Ga, respectively. The
system reaches steady state by ∼3.5 Ga where occasional large impacts boost permeability on a local scale. In all
time bins, the permeability introduced by impacts exceeds the size of the modern Yellowstone geothermal system

Figure 10. Timescale for pore collapse as a function of depth (overburden
pressure and temperature) for each geothermal gradient used in our
simulations.
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(∼104 km3). These permeable systems can be destroyed by subsequent overlapping impacts (which do not occur in
this model), but the lifetime of such systems is estimated to be up to ∼106 years for impactors ∼10 km in size (see
Marchi et al., 2024 for an estimation for Vredefort and Abramov and Kring (2007), for an estimate based on
Chicxulub). Thus, it is likely that the near‐surface portion of such systems thrived before the next impact hit the
same location. Furthermore, the permeability in the upper 8 and 20 km of the early Earth would have had a more
uniform distribution as compared to the observed exponential decay of permeability in the modern crust.

5. Conclusion
The Hadean and early Archean was a tumultuous time governed by a hotter planet with a primitive basaltic crust
that was continuously bombarded by planetesimals and asteroids. In this paper, we present the first extensive and
exploratory study on the effects of recursive impacts with respect to the surface and subsurface of the early Earth.
Such impacts fracture the crust and generate vast regions of permeability. Inferences from our suite of impact
simulations suggest that the volume of impact‐induced permeable regions is strongly dependent on impact energy
(i.e., impactor size and velocity). The magnitude of the permeability within those regions, however, depends on
the geothermal gradient (due to more porosity generation via dilatancy and more fracturing due to reduced
ductility for cooler thermal profiles) and composition (due to increased fragmentation as a result of material
differences in the equations of state interacting with the rarefaction wave). Coupling these permeability estimates
with a characteristic impact flux for the early Earth, we find that the entirety of the uppermost 8 and 20 km of the
crust is repeatedly made permeable in the first half of the Hadean and drops below 50% of the shell volume by the
early Archean. These shallow permeable networks generated by recursive impacts during the Hadean may have
served as crucibles for prebiotic chemistry.
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Availability Statement
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Figure 11. Incremental permeable volume introduced into the upper crust (less than 8 km deep shown in red which is the
contour of the envelope of data and less than 20 km deep is shown as the solid orange envelope) on the early Earth. The top of
each envelope represents permeable volume for a permeable threshold of 10− 20 m2 while the lower most data represents the
permeable volume for a permeable threshold of 10− 14 m2. The blue shaded region in the background represents the Archean
Eon; the purple shaded background region represents the Hadean Eon. Each time bin is equal to 25 Mya.
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