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Widespread mixing and burial of Earth’s Hadean

crust by asteroid impacts
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The history of the Hadean Earth (~4.0-4.5 billion years ago) is poorly
understood because few known rocks are older than ~3.8 billion
years old'. The main constraints from this era come from ancient
submillimetre zircon grains>’. Some of these zircons date back to
~4.4 billion years ago when the Moon, and presumably the Earth,
was being pummelled by an enormous flux of extraterrestrial bodies®.
The magnitude and exact timing of these early terrestrial impacts,
and their effects on crustal growth and evolution, are unknown. Here
we provide a new bombardment model of the Hadean Earth that has
been calibrated using existing lunar* and terrestrial data®. We find
that the surface of the Hadean Earth was widely reprocessed by im-
pacts through mixing and burial by impact-generated melt. This
model may explain the age distribution of Hadean zircons and the
absence of early terrestrial rocks. Existing oceans would have repeat-
edly boiled away into steam atmospheres as a result of large colli-
sions as late as about 4 billion years ago.

Terrestrial planet formation models indicate the Earth went through
a sequence of major growth phases: accretion of planetesimals and plane-
tary embryos over many tens of millions of years (see, for example, ref. 6),
culminating in a final giant impact that led to the formation of our Moon
(see, for example, ref. 7). This was followed by the late accretion of left-
over planetesimals that probably contributed less than 0.5% of the
Earth’s present-day mass’. Although the role of late accretion impacts
on the Hadean Earth has long been discussed (for example, in ref. 8),
the precise nature of the impactor flux during late accretion is elusive.

Estimates from the abundance of highly siderophile elements (HSEs,
such as Re, Au, Os and Ru) in mantle-derived peridotites indicate that
~(0.7-3.0) X 10*? kg of material with broad chondritic composition
was added to the Earth®, probably during the late accretion phase (see
Methods).

An additional constraint on this flux comes from the ratio of HSEs
found in the mantles of the Earth and Moon. Studies of terrestrial and
lunar samples suggest that the ratio of the mass of broadly chondritic
material accreted by the Earth and the Moon is probably 2 700:1 (refs 9, 10).
By modelling the impactor flux on both worlds, it has been argued'
that this ratio was a reasonable outcome of stochastic accretion, with
most HSEs added to the Earth by massive impactors that were statist-
ically unlikely to strike the smaller Moon. This scenario was recently
found to be broadly consistent with the current generation of models of
terrestrial planet formation''.

Here we assess the early Earth’s impact history by rescaling a recent
estimate of the lunar impact flux* to Earth. The advantages of this ap-
proach are numerous. First, the Moon provides a much clearer record of
the early impact history of the Earth-Moon system®. Moreover, the lunar
cratering record provides an absolute impactor flux that is independent
of assumptions made by terrestrial planet formation models. The rescal-
ing was done transforming lunar craters into a projectile flux, with the
flux used to estimate the number of terrestrial impactors taking place in
intervals of 25 Myr between 3.5 and 4.5 Gyr ago (see Methods). For the
purpose of our work we assume that the Moon-forming impact was at
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Figure 1 | Mass accreted by the Earth during the late accretion phase.

a, Cyan curves show 50 representative Monte Carlo simulations corresponding
to the main-belt size-frequency distribution truncated at Ceres (see Extended
Data Fig. 1). Each data point indicates the total mass (left y axis) and equivalent
diameter (right y axis) accreted in that time bin (of 25 Myr each). The
cumulative accreted mass (or equivalent size) in the period 3.5-4.5 Gyr ago is
indicated by the dots at the right of the panel. We assumed a projectile density

of 3,000 kg m . The horizontal green lines mark the lower, most probable and
upper limits for the accreted mass as inferred from HSEs®. b, As in a, but for an
impactor size-frequency distribution extrapolated at 4,000 km before 4.15 Gyr
ago (see Extended Data Fig. 1). Simulations that deliver a mass within the HSEs
range are in red; those in excess of the maximum limit are in blue (the
corresponding percentages of simulations are indicated). These simulations
were retained for further analyses.
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~4.5 Gyr ago, but our results are insensitive to the exact timing. The
sizes of the projectiles were randomly drawn from an assumed impactor
size-frequency distribution (SFD) with a shape similar to that of large
main-belt asteroids. The cut-off of this population was varied for differ-
ent time intervals. Impactors striking after ~4.15 Gyr ago, the putative
starting time of the late heavy bombardment (LHB*'*"'*) were given a
maximum cut-off of 1,000 km, roughly corresponding to the largest
present-day asteroid Ceres. The impactor SFD before ~4.15 Gyr ago is
assumed to have larger left-over planetesimals. We assumed a similar
impactor SED with a cut-off threshold at 4,000 km, which was extra-
polated from the SFD of inner and central main-belt asteroids ranging
between a few hundred kilometres to 1,000 km (see Methods and Ex-
tended Data Figs 1 and 2).

Using a Monte Carlo code, we repeated this procedure ~5,000 times
to address the stochastic variability intrinsic to late accretion projec-
tiles, and computed the accreted mass (Fig. 1). A key result is that, for
the case of impactor SFD cut-off at 1,000 km, the total delivered mass is

a >4.4 Gyr ago
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Figure 2 | Spatial distribution and sizes of craters formed on the early Earth.
a, Mollweide projections of the cumulative record of craters at four different
times. Each circle indicates the final crater size estimated from the transient
cavity size from our simulations and a conservative estimate for the transient-
to-final crater size scaling (see Methods). The maps do not show ejecta blankets
and melt extrusion on the surface, which can greatly expand the effects of
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always below the range expected from HSEs (Fig. 1a), whereas a sig-
nificant fraction of simulations (~30%) fall in this range when the cut-
off is at 4,000 km before 4.15 Gyr ago (Fig. 1b). We assumed that all
projectiles and their HSEs were fully accreted into the silicate Earth.
Although the latter assumption is probably true for small projectiles
that disintegrate in the impact event, larger objects may not deliver their
HSEs efficiently to the mantle in all circumstances. Assuming that up to
50% of the cores of planetesimals =2,000 km may be lost (see Methods),
we compute that the corresponding total percentage of successful simu-
lations may be as high as ~40%. These results elucidate several import-
ant features of late accretion. The bulk of the mass (99% and 90%) is
delivered by ~17 = 5 and ~6 = 3 largest projectiles, respectively, and
the largest impactors can exceed ~3,000 km. This is therefore a highly
stochastic regime, in which a few projectiles dominate the budget of HSEs
delivered to Earth, in agreement with previous findings'®. Moreover, by
tracking the timing of the impacts, we also find that most of the mass is
typically accreted over a significant fraction of the Hadean (~4.2-4.5 Gyr

>4.1 Gyr ago

cratering; they also do not account for a hotter early geotherm, which would
also result in larger crater sizes (see Methods). The colour coding indicates
the time of impact. The smallest projectiles considered have a diameter of
15km. We assumed an impact velocity of ~16 and ~25 km s~ ' before and after
4.15 Gyr ago (see Methods), respectively, and a most likely impact angle of 45°.
b, As in a, but including melt extrusion on the surface as discussed in the text.
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ago), suggesting that the early Hadean silicate Earth could have had a
substantially different budget of HSEs and trace elements compared
with the current Earth (see Methods). Note also that less than 0.5% of
the simulations deliver more than 1% of an Earth mass.

Our terrestrial bombardment model also sheds light on the role of
impacts on the geological evolution of the Hadean Earth, with particu-
lar emphasis on mixing, burial and melting of the uppermost layers. To
model these effects quantitatively, we performed a suite of impact simu-
lations with the Simplified Arbitrary Lagrangian Eulerian shock-physics
code (iSALE"), and computed the resulting excavation cavity size, exca-
vation volume and depth, and the volume of target melt. We varied the
target temperatures and considered impactor diameters ranging from
15 to 4,000 km with a range of impact velocities (see Methods).

A key process is the impact-generated mixing as a result of the exca-
vation and collapse of large transient cavities in the lithosphere. We found
that before ~4.4 Gyr ago up to 60-70% of the Earth’s surface was re-
worked to a median depth of 20 km (Fig. 2a). Thus, our model predicts
prolonged crustal reworking and mixing of various components, as
inferred from recent Pb-Hf isotope systematics of Hadean zircons'®.

Melting of the target is an additional important process. We computed
the melt produced by shock pressure, using both analytical estimates'”'®
and iSALE simulations. Our simulations agree well with analytical
estimates for impactor sizes below 100 km, but deviate significantly for
larger impactors (Fig. 3a) (see Methods and Extended Data Figs 3 and 4).
Both methods neglect impact-induced decompression and subsequent
adiabatic melting of rising material in the mantle, which increase the
total volume of melt. These processes have been quantitatively mod-
elled for impactor diameters smaller than 100 km (ref. 19), and here we
use their predictions for an impactor 100 km in diameter and then ex-
trapolate their results to larger projectiles (Fig. 3a). Note that the melt
volume is a lower limit for large projectiles that are expected to induce
major mantle perturbations, resulting in voluminous adiabatic melting™.
Computed melt volumes greatly exceed the volumes of current flood
basaltic provinces'®. Some fraction of the mantle melt will erupt; through
isostatic adjustment, melt may be expelled from the shallowing crater
onto the planetary crust'. Melt spreading is also aided by the dynamics
of cavity collapse in a hotter crust®, such as that envisioned to have oc-
curred during the Hadean®. Assuming that the impact-generated melt
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Figure 3 | Melt production by large impacts on the Earth. a, Impact-shock
melt volume from analytical estimates'® (red line), and impact-generated melt
volume (including shock and decompression melting) for impacts simulated
with iSALE (black dots). These simulations assumed a planar target, a
lithospheric thickness of 125 km, a mantle potential temperature of 1,400 °C, an
impact velocity of 12.7 km s ™" (corresponding to 18 km s ' for an impact angle
of 45°). The mantle potential temperature of the Hadean Earth may have been
hotter than assumed here by ~200 °C (see Methods and Extended Data
Table 1). We also ran simulations for a mantle potential temperature of
1,600 °C and found that the melt volume increased by 75% (see Methods). The
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flows on the surface, we used the estimated melt volumes to calculate
that the corresponding diameter of a spherical cap with a thickness of
3 km (comparable to large terrestrial igneous provinces) is ~20-30-
fold that of the impactor diameters (see Fig. 3b). As a result of melt
spreading, lithologies previously exposed at the surface are buried over
large areas.

The effects of melt burial due to impacts are shown in Fig. 2b. The
cumulative fraction of Earth’s surface buried by impact-generated melt
is 70-100% since 4.15 Gyr ago, and it increases to 400-600% during
the period 4.15-4.5 Gyr ago. These findings do not preclude the possi-
bility of having large unaffected surface areas at any given time step
(see Fig. 2b, Extended Data Fig. 5), a condition required for liquid
water to be stable at the surface as indicated by §'*0 measurements
in Hadean zircons**.

Additional constraints on the terrestrial bombardment flux may come
from trace elements entrapped in Hadean zircons. Their rare-earth ele-
ments, U-Pb and Pb-Hf ages and Lu/Hf ratios point to significant mix-
ing of mafic and felsic reservoirs (see, for example, ref. 16). This mixing
is sometimes attributed to volcanism or subduction®'**, in which weath-
ered upper crustal reservoirs are buried at depth. Once buried, the dif-
ferent components melt, and the resulting magma can then crystallize
Hadean zircons’. It is unclear, however, whether these processes can
readily explain the observed age distribution of Hadean zircons, which
is characterized by a well-defined peak at 4.1-4.2 Gyr ago and a lack of
ages older than ~4.4 Gyr (ref. 2). Moreover, it is unresolved whether
the lack of ultra-ancient zircons implies that the right conditions for
zircon formation were not met during this time, or whether zircons
older than ~4.4 Gyr did not survive subsequent evolution.

Our model shows that substantial burial could be achieved by impact-
generated melt. Assuming that burial is required to make Hadean
zircons™'*?, we investigated whether the burial by impact-generated
melt could explain the Hadean zircons age distribution. In our Monte
Carlo code, each simulated impact was assumed to bury surface lithol-
ogies within a threshold distance proportional to the projectile diameter
d multiplied by a factor f (~fd). This process results in increased crustal
temperatures over a large annulus around the impact site, possibly lead-
ing to eutectic melting of buried wet crustal material, in agreement with
the observation that many of the Hadean zircons probably crystallized
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green diamond represents the total melt volume (including decompression and
adiabatic melting) from ref. 19 for a crater 800 km in diameter (corresponding
to an impactor of 100 km for the assumed impact conditions) and a mantle
potential temperature of 1,450 °C. The latter data point is 2.3-fold higher than
our data point. Assuming that a similar scaling holds for larger projectiles, we
obtain the green curve. The curves neglect adiabatic melting and therefore
provide a lower limit for the total impact-generated melt. b, Ratio of surface
melt diameter (for a thickness of 3 km) to impactor diameter (f). The horizontal
grey area indicates f = 20-30, as discussed in the text. Symbols as in a.
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from wet eutectic melts®. The increase in crustal temperatures is caused
by the hotter geotherm of the buried material produced by melt above
and possible thinning from the bottom, the rise of mantle melts into the
fractured and tectonized lithosphere close to the crater’s rims'***, and
possibly also by dripping crustal diapirs originating from the thick
surface melt layer at larger radial distances®.

We find that for f = 20-30 for impactor diameters larger than 100 km,
as predicted by our simulations, the resulting surface age distribution
matches well the Hadean zircon age distribution (see Fig. 4). In con-
trast, simulations having f < 20 or f 2 40 fail to reproduce the data (see
Methods). This fit, if not a coincidence, tells us that large projectiles
were capable of making zircons and resetting pre-existing ones over
regions well beyond their computed crater rims, in agreement with our
estimates of impact-generated melt (Fig. 3).

Several observations may be explained by consequences of the proposed
mechanism for Hadean zircons formation. First, given that large impac-
tors could have struck at relatively late times (for example the expected
surge of projectiles at 4.15 Gyr ago via the LHB), zircon production
through these impact-generated processes could have occurred for many
hundreds of millions of years, as observed>””. Attrition among the oldest
zircons was pronounced, because they were subject to high temperatures
near numerous impact locations, burial at depth by melt and ejecta,
and redistribution to the upper crust. Most were reset or destroyed. Con-
sequently, our model predicts that the paucity of zircons older than
4.4 Gyris expected from collisional processes. Moreover, the formation
of Hadean zircons at depth in large annuli around major impacts pro-
vides a ready explanation for their lack of clear signs of impact shock™*”
that are commonly observed among younger zircons. Another attract-
ive aspect of our model is that it explains the mixing of the protoliths
from which Hadean zircons crystallized, as inferred from the Hf-isotope
record”. Finally, the volume of the buried lithologies at any time step is
about an order of magnitude higher than the fraction of the crust melted
by small impacts, indicating that the zircon crystallization from impact
melts was negligible (see Methods), in agreement with the low crystal-
lization temperatures observed in Hadean zircon ***'.

We argue that the peak of Hadean zircon ages at 4.1-4.2 Gyr reflects
the onset of the LHB, as suggested by meteorite Ar—Ar shock degassing
ages and other data'>'. Indeed, we find that a scenario with an LHB spike
atsignificant younger ages, say 3.9 Gyr, is inconsistent with Hadean zircon
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Figure 4 | Detrital Hadean zircon ages compared with the computed
distribution of impact-generated ages. Zircon ages (coloured curves
correspond to different data sets: orange, 2°’Pb—2"°Pb ages? blue, U-Pb ages’;
green, “’Pb—>"°Pb ages'S; red, U-Pb ages™) show a distinct peak at

~4.1-4.2 Gyr ago. In agreement with our iSALE simulations, the distribution of
impact-generated ages (black line, shaded area) is computed for f= 30 for
projectiles larger than 100 km and f = 9 for projectiles smaller than 100 km, and
is an average of 50 successful Monte Carlo simulations (Fig. 1). All distributions
are normalized to unit area.
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age distributions. A similar conclusion is reached for a steadily declining
bombardment (no LHB) scaled to match the abundance of lunar HSEs
(see Methods). Therefore, LHB-era impactors provide a natural expla-
nation for the clustering of Hadean zircon ages that would otherwise
require ad hoc endogenic conditions (for example increased subduc-
tion or volcanism rates).

The new picture of the Hadean Earth emerging from our work has
important implications for its habitability. Before ~4 Gyr ago, no sub-
stantial large region of the Earth’s surface could have survived untouched
by impacts and associated outcomes. Large impacts had particularly
severe effects on extant ecosystems. We find that the Hadean was plau-
sibly characterized by one to four impactors larger than 1,000 km capa-
ble of global sterilization®, and by three to seven impactors larger than
500 km capable of global ocean vaporization®. The median time for the
latest impactor larger than 500 km to hit the Earth was ~4.3 Gyr ago.
In ~10% of the simulations, this could be as recently as ~4 Gyr ago
(Extended Data Fig. 6), depending on various assumptions. Thus, life
emerging during the Hadean was probably resistant to high tempera-
tures and was capable of spreading from the stable niches that existed at
that time.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Impactor size-frequency distribution and flux. The SFD of bodies colliding
with the early Earth cannot be directly constrained because subsequent geological
evolution has erased the signatures of those impacts. Instead, we turn to very old
cratered terrains found on the Moon, Mars and Mercury. The crater SFDs observed
on those terrains has been used to constrain the shape of the impactor SFD in
ancient times. The earliest visible populations of craters have a characteristic SFD
resembling that of the current main asteroid belt'>**~*. In this work we assume that
a similarly shaped impactor SFD was striking the early Earth. Although it is natural
to assume that the Earth and Moon have been exposed to the same impactor flux, a
critical aspect of work concerns the impactor SFD at large sizes. In fact, the larger
geometrical cross-section of the Earth than that of the Moon may allow larger
projectiles to hit the Earth than the Moon. For comparison, the largest confirmed
impact structure in the inner Solar System—the ~2,500-km South Pole-Aitken
basin on the Moon—was produced by a projectile ~170 km across". It is possible
that larger objects struck the early Earth, in particular if the shape of the impactor
SFD was shallow for large objects (see, for example, ref. 10). Therefore the impactor
SEDs derived from crater populations observed on the terrestrial planets needs to
be extrapolated to larger sizes if they are to be applied to the Earth. For the reasons
discussed above, we considered a main-belt-like SFD up to ~1,000 km (Ceres),and
we also considered an extension of the main-belt SFD up to 4,000 km (see the text
and Extended Data Fig. 1 for further details).

The results of our work are not sensitive to the fine details of the shape of the
impactor SFD. The more important issue is that the population of left-over pla-
netesimals had large enough impactors (diameter >1,000 km) to allow it to repro-
duce the abundance of terrestrial HSEs. Here we consider a cut-off of 4,000-km
and 1,000-km projectiles for impactors striking before and after 4.15 Gyr ago,
respectively. The number of large objects in the population can conceivably be
constrained by the largest lunar basin, provided that these impacts took place after
the formation of the Moon’s crust. Our modelling work indicates that the Earth
was hit by 25-45 impactors larger than 200 km. Assuming a Earth-to-lunar scaling
of ~20:1 (ref. 13), we obtain one or two South Pole-Aitken-forming impactors
hitting the Moon. This is consistent with the lunar basin record and the lunar
HSEs. We also estimate that an average of five impactors larger than 500 km hit the
Earth. This translates intoa ~70% (= 1 — 6/20) probability that the Moon escapes
these impacts. These numbers provide a sanity check that our assumed impactor
SED is compatible with available constraints.

Note also that in an alternative scenario for the origin of the HSEs found within
the mantles of the Earth and Moon?, it has been argued that a thin, dynamically
cold disk of small bodies spread across the terrestrial planet region would allow the
Earth to accrete much more mass than the Moon. This scenario requires that a
very thin disk be maintained during the planet formation era until the giant impact
that made the Moon take place—probably many tens of millions of years to
perhaps 100 Myr after Ca, Al-rich inclusions formation. It is unclear to us how
this disk avoided dynamical excitation from planetary perturbations for this long
interval (well after the solar nebula had dissipated). Beyond this, concerning HSEs
on or in the Moon, this scenario would produce high enrichment in HSEs in the
lunar crust (which is not observed) and it does not explain how the HSEs within
the small bodies would breach the crust to reach the Moon’s mantle. There is also
no explanation provided of how this scenario would produce the crater SFDs
found on ancient lunar terrains®.

Concerning the terrestrial impact rate, we considered several scenarios. The
nominal model assumes the so-called lunar sawtooth bombardment profile for the
Moon* extrapolated to the Earth. For this, we took the lunar impactor flux (as
derived from the observed number of craters as a function of time), defocused it for
the lunar gravitational field and Earth’s gravitational field at the current lunar
orbit, and then applied the Earth’s gravitational focusing. More specifically, the
crater size-frequency distribution on ancient lunar terrains has been converted
into projectiles assuming first, a crater-to-projectile size scaling law for hard-rock®;
second, a lunar impact velocity of 11kms™" for the period between 4.15 and
4.5 Gyr ago; and third, a lunar impact velocity of 22 km s~ for the period between
3.5 and 4.15 Gyr ago. The factor of ~2 increase in the impact velocity comes from
observations of lunar crater populations® and is in agreement with dynamical
estimates of terrestrial planet accretion'' and how projectiles in the inner Solar
System may have reacted to late migration of the giant planets'’. The correspond-
ing terrestrial impact velocities are ~16 and ~25kms™". The projectile flux and
impact velocity were then rescaled to the Earth, assuming that impactors pro-
ducing the oldest visible lunar craters were not affected by Earth’s gravitational
focusing. This approximation is valid for most of the Moon’s orbital evolution
except for the first few million years (ref. 39), which are not relevant to the work
presented here. This procedure gives a flux scaling factor for the Earth and Moon of
~1.24 and ~1.90 (per unit surface), respectively, for the LHB and pre-LHB times
for the assumed impact speed at infinity. As detailed in the text, our extrapolation is
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done by rescaling the lunar flux to the Earth. Here we assume that the LHB occurred
at ~4.15 Gyr ago (the median value of the 4.1-4.2-Gyr interval of acceptable values,
as concluded in refs 4, 13). The corresponding lunar flux curve is shown by the red
line in Extended Data Fig. 2. We also considered the case of a narrow intense spike
of LHB impacts at 3.9 Gyr ago, roughly corresponding to the scenario discussed in
ref. 40 (cyan curve). Recent work has suggested that this LHB is unlikely to fit
constraints*'>'**!. However, this assumption is still adopted by some researchers.
Both of our impact flux curves were obtained by requiring that the integral of the
accreted mass on the Moon match the abundance of lunar HSEs inferred to exist in
the Moon’s mantle, appropriately corrected to take into account partial accretion®.
Finally, for the sake of completeness, we also considered two scenarios that exclude
the LHB. The first is a simple extrapolation of the nominal case up to 4.5 Gyr ago
(black curve). Note that here the total mass accreted by the Moon exceeds that
predicted by the HSEs by a factor 3-4; therefore ref. 4 concluded that this scenario
is unlikely. To compensate for this, we also considered a rescaled flux, reduced by a
factor of one-third, to match the HSE constraint (green curve). All flux curves start
at 4.5 Gyr ago, which is the assumed time for the formation of the Moon; however,
our results are insensitive to the exact timing of Moon formation. We discuss how
these curves compare with terrestrial zircon data in the following.

Terrestrial budget of HSEs. Terrestrial impactors may not be fully accreted with
implication for the delivery of HSEs. For instance, this may be the case for large graz-
ing projectiles*”. In addition, projectiles larger than ~2,000 km may sequester mantle
HSEs into Earth’s core®’, whereas high-resolution smoothed-particle hydrodyn-
amics simulations show that as much as ~50% of the core of a large differentiated
impactor may plunge into the Earth’s core (R. M. Canup, personal communication,
August 2013). Thus, in scenarios involving collisions with projectiles larger than
~2,000km the accreted mass would be higher than that estimated by HSEs (see
Fig. 1).

Moreover, is it possible that some terrestrial HSEs predate the formation of the
Moon? In canonical giant impact events that make the Moon’, most of the Earth’s
mantle is molten or partly molten, thus facilitating the segregation of HSEs into the
core. Recent models have pushed the giant collisions to higher energies with respect
to the canonical models; therefore an efficient segregation of pre-giant impact HSEs
is even more likely (R. M. Canup, personal communication, April 2014). Ref. 44
found that £'8*W (that is, the ratio of sample '"**W/'®*W to the terrestrial standard
value, in parts per 10*) of the Moon is significantly different with respect to that of
the Earth. This can be explained if an amount of tungsten with a broadly chondritic
isotope ratio was delivered in chondritic proportions with the HSEs. This would
suggest that HSEs were mostly accreted after the formation of the Moon.
Simulations of large terrestrial impacts with iSALE. Investigating the thermal
effects of the early bombardment history on Earth implies a detailed quantitative
understanding of the consequences of hypervelocity impacts of cosmic bodies of
given mass, composition, velocity, and angle of incidence. Hydrocode modelling
may serve as the most accurate approach with which to estimate crater size and the
amount of shock wave-induced heating and melting of crustal and mantle rocks as
the result of a collision. However, given the large number of collisions produced on
the early Earth, it is impossible to model each impact event individually. A para-
meterization of the relationship between the size of an impact event (projectile
mass m, diameter d, impact velocity v and impact angle o) and the resulting crater
diameter D, depth A, volume V, excavation depth d.,, excavation volume V,, and
melt volume V)¢ is required. Existing scaling relationships (for example, refs 45—
54) are based on laboratory and numerical experiments, analytical considerations
and observations of the Earth’s and lunar crater records. Whether these scaling
relationships can be extrapolated to the size of impactors several hundred of
kilometres in diameter as those that occurred in the early history of the Earth is
questionable and requires further analysis and/or modifications of existing scaling
laws to confirm their applicability to the given problem.

We used the hydrocode iSALE (see ref. 15 and references therein) to conduct a
series of two-dimensional numerical models of impacts with projectile diameters d
ranging from 1 to 1,000 km and impact velocities v of 8.5-17 km s " (a few runs for
4,000-km impactors were also performed). In all models the impactor is resolved by
50 cells per projectile radius, and we assume a dunitic composition with a density
5 =3314kgm > We do not consider the impact angle &, which naturally can vary
between 0° and 90°, with the most likely encounter at 45°, and modelled vertical
impacts (90°) only on a cylindrical, axial-symmetric two-dimensional grid on a planar
target surface. Both simplifications (vertical impacts and planar target surface) reduce
the computational costs of an individual simulation significantly and thus permit
detailed parameter studies based on a sufficient number of numerical models. To
compensate for the lack of varying impact angles in our models we assume an impact
velocity that corresponds to the vertical component of the velocity vector (v, = vsina),
an often-used simplification to approximate oblique impacts by two-dimensional
simulations*®*>** that was originally suggested in ref. 57.
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In the baseline scenario, we assume a layered target composed of a lithosphere
125km thick consisting of a 30-km granitic crust and a 95-km dunitic upper
mantle. Within the lithosphere, heat is transported by conduction, giving rise to
a relatively steep temperature gradient from 20 °C at the surface to 1,427 °C at the
transition from the upper to the lower mantle (the asthenosphere; Extended Data
Fig. 3). The temperature gradient in the asthenosphere is adiabatic according to the
assumption that heat is transported by convection. At a depth of 2,930 km we
consider an iron core with a constant temperature of 2,727 °C. Because we assume
pure iron and neglect alloy composition, the solidus is relatively high and the core
is in a solid state; however, the rheological properties of the core do not affect our
models, because the craters in the biggest impact events under consideration do
not reach as deep.

The thermodynamic behaviour of matter in our models is simulated by the
ANEOS (Analytic Equation of State; ref. 58) for granite®® and dunite®. ANEOS can
only account for one phase transition; we therefore took into account the solid
state transition expected to have the biggest effect on the total amount of melt
production by shock heating. Because we do not consider latent heat of melting,
our estimate of shock melting corresponds to an upper estimate (for further
explanations see refs 53, 60, 61). The rheological model, the resistance of rocks
against plastic deformation, is explained in detail in ref. 62. We do not account for
temporary weakening of matter during crater formation by acoustic fluidization®®
as required to explain mid-size complex crater morphologies. All material prop-
erties and model parameters are listed in Extended Data Table 1. We also neglect
the effects of target spherical symmetry, which are estimated to contribute less
than ~20% to the volume of melt for the impactor sizes considered in our work'”.
Note that direct two-dimensional cylindrical iSALE simulations (equivalent to full
three-dimensional simulations for head-on collisions) have shown that the target
curvature is negligible for projectile-to-target size ratios up to ~0.2 (ref. 64),
corresponding to a projectile of 2,500 km for the Earth, in agreement with ana-
lytical estimates'’. This gives confidence in the validity of the analytical estimates.
The analytically estimated error of ~20% for the largest projectiles is within the
error of our model.

All models begin with the first contact between the projectile and the target (we
neglect the presence of an atmosphere) and stop after the collapse of the transient
crater. Our models include the structural uplift of matter but do not last until all
material is settled and the final crater is reached. Primarily our simulations aim at
the determination of crater size, excavation depth and the melt that is generated by
the impact event.

Previous studies aimed at the computation of impact melt volumes usually
considered shock-induced melting only. Melting of rocks during impact is the
result of shock-wave compression and subsequent release. Shock compression is
an irreversible process in which plastic work is done on the target material that
remains in the rock as heat after subsequent isentropic release and can raise the
temperature of the target above the melt temperature. To quantify the amount of
impact-generated melt it is necessary to determine the volume of material that
experiences a peak shock pressure in excess of the material’s critical shock pressure
for melting (P.). The critical shock pressure for melting (or the corresponding
entropy) for granite and dunite is a material property that can be measured by
shock experiments (see, for example, ref. 65) and serves as an input parameter for
ANEOS>. Because the petrographical composition for a given rock type, such as
dunite, may vary, the stated P, values found in the literature range from ~91 to
~156 GPa depending on whether pure fosterite or peridotite composition and
incipient or complete melting are considered, respectively. Extended Data Fig. 4a
shows the impact melt production determined by hydrocode simulations for
impacts on layered targets (granite and dunite; see above) in comparison with
scaling relationships proposed by refs 17, 18, 51. Extended Data Fig. 4b shows the
dependence of melt production on impact velocity. The melt volume is deter-
mined in our hydrocode simulations by Lagrangian tracer particles that experience
shock pressures in excess of P.. Each tracer represents the amount of matter in the
computational cell where it was initially located in (see, for instance, ref. 61).
Apparently, the melt volume varies at most by a factor of two depending on the
chosen P, (91 or 156 GPa, respectively), which we consider to be insignificant for
the present study. Thus, a more accurate approach considering partial melting if
the post-shock temperature is between solidus and liquidus as proposed in ref. 66
was not included in this study. The much lower P for granite (46 GPa for incipient
melting and 56 GPa for complete melting™) raises the total amount of melt for
impactors <100 km in diameter more significantly; however, for very large impac-
tors (>100km in diameter) the total amount of melt is dominated by mantle
material, and the contribution of crustal material is negligible.

The critical pressure method for the quantification of impact melt production is
in good agreement with estimates of the observed melt volumes at terrestrial
impact craters®, but it may not provide accurate estimates for very large impactors
several hundred kilometres in diameter penetrating deep into Earth’s mantle, for

two reasons. First, with increasing depth, where material experiences shock com-
pression the pre-impact temperature and lithostatic pressure become important.
The initial temperature of the rock affects the critical melt pressure P.: preheated
rock tends to show shock-metamorphic effects including melting at lower shock pres-
sures than rocks at normal surface temperature®”*®. Second, at a depth approximately
larger than the transition from the lithosphere to the asthenosphere, rocks may
not melt at all because the lithostatic pressure raises the solidus above the shock-
induced temperature increase. Contrarily, structural uplift of originally deep-seated
material as a result of the gravity-driven collapse of the transient crater may give
rise to decompression melting. However, the effect of decompression melting has
been estimated to be small in comparison with shock-induced melting for impac-
tors 20 km in diameter®, but may well be important for very large impactors and
steep geotherms®®.

To account for both effects (temperature increase with depth and unloading
from the shock pressure to the lithostatic pressure at given depth) we used an
alternative approach to determine the total amount of impact-generated melt. We
simply record through all computational time steps in our hydrocode simulations
whether the temperature of a tracer is in excess of the solidus temperature as a
function of pressure for the given location (depth) and mark it as molten. For small
impactors (a few kilometres in diameter) this approach provides the same results
as the P. method (see Extended Data Fig. 4). With increasing projectile diameter
the melt volume deviates from the scaling lines (open circles) according to the critical
pressure method, and slightly increased melt volumes occur (50-100 km projectile
diameter; note the small variation at 25 km diameter resulting from the change from
a granitic to a dunitic melt composition). For larger impactors (>100 km diameter)
the melt volumes decrease below the expected trend according to a straight line on a
double-logarithmic plot (power-law scaling). This is due to the fact that shock-
heated material does not unload to pressures at which the post-shock temperature
is in excess of the solidus temperature. The reason for this is the fact that the increase
in solidus temperature with depth is steeper than the increase in adiabatic temper-
ature in the lower mantle (Extended Data Fig. 3). Increasingly higher shock pres-
sures are therefore required to raise the temperature above the solidus. In summary,
the difference between iSALE simulations and the analytical estimates can be under-
stood by accounting for the different assumptions used for each case. For example,
using projectile diameters in the range ~100-1,000 km, our simulations predict
more melt than analytical estimates do'”'®, because the code accounts for decom-
pression melting. In contrast, for projectiles larger than 1,000 km, iSALE finds less
melt than our analytical estimates'”'® because the latter neglects the increase of the
solidus temperature as a function of depth.

Our analytical scaling relationships for melt production and crater sizes have
been used as a rough guide, but they do not affect the conclusions of our paper;
they are based on hydrocode modelling of impacts. Similarly, details of the com-
position and nature of the Hadean crust and the geotherm, for example, have little
effect on our results. This is mainly because our conclusions are based on the
effects of large collisions (impactors larger than 100 km); the volumes of melt
produced by big impactors are largely insensitive to variation in the mantle poten-
tial temperature and its composition. The key factor is the overburden pressure, as
detailed above.

We also find that the melt volume increases by ~75% if the mantle potential
temperature increases by 200 °C (ref. 70) with respect to the standard case (or
1,600 °C). We also tested the case of a thinner lithosphere (80 km) and found that,
for impactors larger than 1,000 km, the volume of melt is generally a few per cent
higher than the nominal lithosphere (125 km), and up to 50% higher for impactor
sizes between 100 and 1,000 km.

Finally, our estimates of impact-generated melt volume do not consider adiabatic
melting of rising mantle elements. The latter process, yet to be the subject of a
systematic study, is potentially very important for large projectiles. As discussed in
ref. 20, projectiles larger than ~800 km may produce long-lasting perturbations to
mantle dynamics. On a short timescale (1-10 Myr relevant for our work), the
perturbation is characterized by umbrella-shaped patterns with rising elements at
the centre, lateral spreading in the upper mantle and subsequent downwelling (see,
for instance, Fig. 7 of ref. 20). As a results, voluminous quantities of rising mantle
may melt adiabatically. It is therefore possible that our estimates of the melt pro-
duction (Fig. 3) are lower bounds, in particular for projectiles larger than 1,000 km.

Concerning the estimate of the final crater size discussed in the text (see, for
example, Fig. 2a), we relied on a transient-to-final crater size scaling law derived
from lunar craters”’. Recent work has found that the temperature of the lithosphere
has an important role in the modification stage of crater formation*, and for a
hotter target the final crater size can be twice as large as in classical cold scaling. The
hot lithosphere scaling is probably more realistic for the early Earth; therefore the
final crater sizes discussed here are likely to be underestimated by a factor of ~2.
Impact-generated melt extrusion and Hadean zircon formation. Although it is
well-known that zircons can crystallize from impact melt pools (see, for example,
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ref. 31), it is argued that the low crystallization temperatures of Hadean zircons are
largely incompatible with such an origin®*>*"”2. Our model shows that a fraction of
the Earth’s uppermost surface layer was melted by impacts. By analogy to recent
terrestrial craters (for example Sudbury), it is expected that zircons should have
also crystallized from the melt, even for intermediate-to-mafic melts via fractional
crystallization”. This process would produce zircons that crystallized at higher
temperatures than most Hadean zircons®”>. Although it is conceivable that a
fraction of the high-temperature Hadean zircons (720 °C < T <750°C) may
come from impact melt pools (see, for example, ref. 28), this process seems sec-
ondary. Thus, a natural question arises: if impact melt was widespread on the
Hadean Earth, why do Hadean zircons have a low crystallization temperature?

Our proposed mechanism naturally explains this observation. We computed
the total volume of impact-generated melt produced in a spherical shell 100 km
thick (that is, the crust) by all projectiles larger than 50 km. Larger projectiles were
assumed not to contribute here because they blast through the shell. The result is
that at least 10-20% of the shell is directly melted by impacts. For comparison, we
also compute the volume of the shell buried by melt extrusion around the impacts
(corresponding to an annulus from 10 to 30 times impactor radii from the impact
point, only for projectiles larger than 100km). This yields >800% of the shell
volume, implying that the shell is reprocessed over and over. Therefore the latter
process dominates by almost two order of magnitudes with respect to direct
impact melt of the shell, explaining the paucity of high crystallization temperature
among Hadean zircons. Note that this result is basically independent of the
assumed thickness of the shell. A more significant contribution to zircon forma-
tion may come from the thick layers of melt extruded onto the surface (Fig. 2b and
Extended Data Fig. 5). Given the deep origin of these magmas, however, they were
probably ultramafic in composition, thus inhibiting significant zircon formation.
Even assuming that low-temperature zircons could have formed from high-
temperature melts as a result of fractional crystallization after a substantial decrease
in temperature (see, for example, ref. 74), the volume of this fractionated reservoir
would have been negligible with respect to the volume of the material buried. Thus
the main contribution of these mantle mafic melts was probably as a crustal heat
source, not as zircon source material. As discussed in the text, Hadean zircons
probably crystallized from wet eutectic melts’. Such conditions may have been
achieved as a result of impact-generated melt burial of large portions of the surface.
In other words, buried weathered material could have been efficiently heated to wet
melting conditions by magmatic intrusions (ref. 75, p. 168) from the mantle (as
claimed to explain the volcanic plains around the 2,300-km Hellas basin on Mars;
refs 19, 25, 76), and by the steepened geotherm produced by thinning of the
lithosphere (close to the crater’s rims). At larger radial distances, the sinking of
lava and crustal recycling (see Fig. 10 of ref. 26; see also a recent commentary in ref.
77) may have been particularly important in a regime characterized by a highly
fractured crust (due to impacts), as in the Hadean.

Finally, as discussed in the text, we investigated several impactor fluxes
(Extended Data Fig. 2) and how they compare to the Hadean zircon age distri-
bution. The key parameter for this comparison is the ratio of the diameter of the
surface melt to the diameter of the projectile (f; see Fig. 3). In the limits of the
approximations described above (namely f =~ 20-30; see the text), we find that only
the nominal case (namely LHB at 4.15 Gyr ago; red curve in Extended Data Fig. 2)
reproduces the Hadean zircon age distribution. The case of an LHB at 3.9 Gyr ago
fails to reproduce the zircon data for any value of f, whereas the case with no LHB
(green curve in Extended Data Fig. 2) only matches the zircon data for f > 50. This
large fvalue is unjustified according to our estimates of melt volumes; this scenario
is therefore extremely unlikely.
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Extended Data Figure 1 | Early Earth’s impactor size-frequency
distributions. The red curve corresponds to current main-belt asteroids larger
than 10 km. The largest object is Ceres, whose diameter is ~913 km. The black
curve (vertically shifted for clarity) is a replicate of the main-belt curve,
extrapolated to 4,000 km by using the slope in the size range 500-913 km.
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Extended Data Figure 2 | Lunar impact fluxes. The differential number of
lunar craters >20 km (N,) as a function of time and per unit surface for several

scenarios discussed in the text.
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Extended Data Figure 3 | Solidus and geotherm used in iSALE simulations.
Note the temperature increase in the lithosphere that results in an increase in
the temperature of buried surface material. Other processes resulting in an
increase of the temperature of the buried crust are discussed in the text. The
assumed thermal gradient is a lower limit (see Extended Data Table 1),
implying that the increase in the temperature of the buried material can be

significantly higher than is shown here.
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Extended Data Figure 5 | Melt spreading over the first 100 Myr of Earth that is unaffected by impacts before ~4 Gyr ago (see also Fig. 2b). Impacts

history. Mollweide projections of the cumulative record of craters at four therefore set the stage for the environmental conditions on the Hadean Earth
different times. There are portions of the Earth’s surface that are not affected by ~ and have implications for the origin and development of life (see, for instance,
impact-generated melt at each time step, except for the first 25 Myr (or discussion in refs 78-80).

>4.475 Gyr). However, there is no significant fraction of the Earth’s surface
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Extended Data Figure 6 | Minimum impact time for projectiles larger than  to one impact. The median time is 4.32 Gyr ago, and the mean is 4.27 Gyr ago.
500 km. Blue dots indicate the minimum impact time for impactors larger than ~ The earliest evidence of life on Earth (~3.8 Gyr ago), and the start of the Late
500 km recorded in 163 successful Monte Carlo simulations (see Fig. 1). The =~ Heavy bombardment (~4.15 Gyr ago; see the text) are also indicated. About
vertical axis reports the number of impacts (in bins of 25 Myr each) normalized ~ 10% of the simulations have a minimum time of 4 Gyr ago or less.

by the number of simulations. The lowest y values shown in the plot correspond
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Extended Data Table 1 | Various parameters used for iSALE simulations

Model parameters

Cells per projectile radius
(CPPR)

Gravity (m/s?)

Crustal thickness (km)
Mantle thickness (km)
Impact velocity (km/s)
Impactor size (km)
Surface temperature (°C)

Lithospheric temperature
gradient (°C/km)

Lithosphere thickness (km)

Planet radius (km)

Core temperature (°C)

50

9.81

30

2900
8.5;12.7;,17.0
1-4000

20

11.25

125
6371

2727

Material parameters

Melt temperature at zero pressure (°C)

Heat capacity (J/(kg*K))

Constant Simon approximation for solidus (Pa)*

Exponent in Simon approximation for solidus*

Cohesion of damaged material (Pa)

Cohesion of intact material (Pa)

Coefficient of friction for intact material

Coefficient of friction for damaged material

Note that our results on impact-generated melt for large impactors are fairly insensitive to the assumed lithospheric geotherm gradient because most of the melt is produced at depth. Here we adopted a

conservative low value. For additional discussion on the effects of geotherm see ref. 69.
* For the definition of these parameters, see ref. 69.

granite
1400
1000.0
6.00E+9
3.0
1.0E+4
1.0E+7
0.6

2.0

dunite
1100
1000.0
1.52E+9
4.05
1.0E+4
1.0E+7
0.6
1.2

©2014 Macmillan Publishers Limited. All rights reserved

iron
1538
600.0
6.0E+9
3.0
1.0E+4

0.4



	Title
	Authors
	Abstract
	References
	Methods
	Impactor size-frequency distribution and flux
	Terrestrial budget of HSEs
	Simulations of large terrestrial impacts with iSALE
	Impact-generated melt extrusion and Hadean zircon formation

	Methods References
	Figure 1 Mass accreted by the Earth during the late accretion phase.
	Figure 2 Spatial distribution and sizes of craters formed on the early Earth.
	Figure 3 Melt production by large impacts on the Earth.
	Figure 4 Detrital Hadean zircon ages compared with the computed distribution of impact-generated ages.
	Extended Data Figure 1 Early Earth’s impactor size–frequency distributions.
	Extended Data Figure 2 Lunar impact fluxes.
	Extended Data Figure 3 Solidus and geotherm used in iSALE simulations.
	Extended Data Figure 4 Impact-generated melt volume.
	Extended Data Figure 5 Melt spreading over the first 100 Myr of Earth history.
	Extended Data Figure 6 Minimum impact time for projectiles larger than 500 km.
	Extended Data Table 1 Various parameters used for iSALE simulations

