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Mega-impact formation of the Mars hemispheric

dichotomy

Margarita M. Marinova', Oded Aharonson' & Erik Asphaug®

The Mars hemispheric dichotomy is expressed as a dramatic dif-
ference in elevation, crustal thickness and crater density between
the southern highlands and northern lowlands (which cover ~42%
of the surface)"?. Despite the prominence of the dichotomy, its
origin has remained enigmatic and models for its formation lar-
gely untested®”. Endogenic degree-1 convection models with
north—south asymmetry are incomplete in that they are restricted
to simulating only mantle dynamics and they neglect crustal
evolution, whereas exogenic multiple impact events are statist-
ically unlikely to concentrate in one hemisphere®. A single mega-
impact of the requisite size has not previously been modelled.
However, it has been hypothesized that such an event could oblit-
erate the evidence of its occurrence by completely covering the
surface with melt’ or catastrophically disrupting the planet™®.
Here we present a set of single-impact initial conditions by which
alarge impactor can produce features consistent with the observed
dichotomy’s crustal structure and persistence. Using three-dimen-
sional hydrodynamic simulations, large variations are predicted in
post-impact states depending on impact energy, velocity and,
importantly, impact angle, with trends more pronounced or
unseen in commonly studied smaller impacts’. For impact ener-
gies of ~(3-6) X 10*°7, at low impact velocities (6-10kms™") and
oblique impact angles (30-60°), the resulting crustal removal
boundary is similar in size and ellipticity to the observed charac-
teristics of the lowlands basin. Under these conditions, the melt
distribution is largely contained within the area of impact and thus
does not erase the evidence of the impact’s occurrence. The
antiquity of the dichotomy' is consistent with the contempor-
aneous presence of impactors of diameter 1,600-2,700km in
Mars-crossing orbits’, and the impact angle is consistent with
the expected distribution''.

The martian dichotomy may be defined by topographical, mor-
phological and structural characteristics. Isostatic modelling com-
bining gravity and topography have provided a description of
global crustal thickness in which the northern lowlands are distin-
guished from the southern highlands by a reduction in crustal thick-
ness of ~30km (ref. 1). By accounting for lithospheric stresses, it is
possible to compute the effects of overlying loads, in particular of the
largest load represented by the Tharsis province. When the loads are
separated, the lowlands are remarkably well described by an ellipse
with dimensions ~10,650 km X ~8,520 km (ellipticity ~1.25) (ref.
2). The boundary is expressed as steep scarps in some longitudes and
as gentle slopes in others™'>"; significant crustal thickening is not
observed at the boundary. Geochemical evidence and surface-crater
densities show that the dichotomy formed within the first 50 Myr of
Solar System formation, with little mantle-crust remixing since™'*'*.
Subsequent events, such as known impact-basin formation, have
modified the dichotomy boundary.

The mega-impact formation hypothesis is supported by geologic
evidence including massifs and narrow plateaux concentric to the
dichotomy boundary?, steep scarps at the boundary, and by the sim-
ilarity of the lowlands to other large impact basins such as South
Pole—Aitken basin on the Moon, Caloris basin on Mercury and
Hellas basin on Mars. The impact hypothesis has previously been
challenged by several arguments. First, by the expectation that at
the relevant energy, the impact would disrupt the planet sufficiently
to effectively erase evidence of the event®. Second, by the circularity of
craters for all but the most oblique angles for smaller impacts'.
Third, by the lack of crustal thickening in an annulus around the
basin, typical for smaller impacts. However, craters resulting from
planetary-scale impacts have until now not been accurately modelled.
This class of impacts is distinguished from the more thoroughly
studied smaller impacts, which effectively form in a half-space target,
in part because of the importance of surface curvature in the larger
size regime and the larger fractional size of the projectile relative to
the target.

Single, planetary-scale impact events are simulated using a three-
dimensional self-gravitating smoothed particle hydrodynamics
(SPH) code'®'®. Our simulations sample a large parameter space,
with impact energies of (0.1-5.9) X 10, which is representative
of, according to traditional scaling laws>’, nominal impact crater
diameters of 4,000—-12,000 km. For comparison, the energy of the
Moon-forming impact'® was ~10°'J. For each impact energy, we
consider impact velocities of 6-50 km's ™', ranging from near escape
velocity to twice Mars’s orbital velocity, and impact angles of 0 (head-
on), 15, 30, 45, 60 and 75° for each velocity (Supplementary
Information). For this parameter space, impactor diameters range
from 400 to 2,700 km. Figure 1 schematically shows a summary of the
results and the ‘sweet spot’ simulations that produce a crustal excava-
tion feature remarkably similar to the lowlands.

The pre-impact resolution (particle size or smoothing length) is
118 km for N = 200,000 particles. The model uses the semi-empirical
Tillotson equation of state' (EOS). We derived EOS parameters to
approximate the behaviour of olivine, to match the planet’s pres-
sure—density profile. The olivine EOS results in a realistic early
Mars internal energy—pressure profile, allowing calculation of post-
impact melt using the pressure-dependent forsterite liquidus curve as
an internal energy melting threshold®. The pre-impact planet has no
initial spin: Mars’s current rotational period is long compared with
the timescale of the impact process. The crust is defined as the pla-
net’s pre-impact outermost particle layer, resulting in a crustal thick-
ness of ~140 km, compared with recent estimates of 5-90 km (ref. 1).
Because of the large particle size, the simulations cannot directly
resolve the crustal thickness. However, the region of complete crustal
removal may be mapped and the boundary of the crustal anomaly is
expressed over a lateral distance of only several resolution elements.
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Figure 1| Summary of simulation results. Shown are the impact
characteristics resulting in extensive surface melt cover (>25% of the
surface), significant melt outside the crustal excavation boundary, presence
of antipodal crustal disruption, presence of a thickened annulus of crust
around the crustal excavation boundary, and the directions of increase in
ellipticity and basin size. The results at a given energy are averaged over
impact velocity. A ‘sweet spot’ of impact conditions emerges for which the
resulting simulation characteristics closely match the observed Mars
dichotomy features’. A compatible hypothesis is found at an impact energy
of ~3 X 10*], velocity ~6km s~ ' and, importantly, an impact angle of
~45°, These parameters represent probable impact conditions in the early
Solar System™>'".

Thus the computed crustal excavation boundary size is a robust
result. In addition to this boundary, we consider the integrated
amount and spatial distribution of melt, crustal thickening and the
extent of antipodal disruption.

The distribution of crust and surface melt are calculated as a frac-
tion of the material within the top 150 km. An ellipse is fitted to the
crustal excavation boundary (the contour of 50% crustal fraction) in
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Figure 2 | Change in melt distribution and crustal removal boundary with
impact characteristics. Crustal excavation boundary, nominal crater size

and a fit by Andrews-Hanna et al.” to the dichotomy boundary are overlaid.
The melt distribution is computed at a 2° resolution and smoothed over a

Nominal 10,000 km, 10 km s~1, 0° impact b
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polar coordinates, with the origin centred on the excavated region.
Our analysis of the impact melt and its distribution shows that pre-
vious assumptions about melting during planetary-scale cratering
events have been oversimplified.

In contrast to smaller, half-space craters, whose size and melt
production dominantly scale with the impact energy®', for plan-
etary-scale impacts we find that impact velocity and impact angle
fundamentally affect the crustal excavation boundary, its ellipticity,
and the amount and distribution of melt. In particular, we identify
possible impacts that are consistent with the crustal distribution of
Mars.

Planetary-scale impacts penetrate into the mantle. The resulting
rarefaction wave completely removes the surrounding crust, which
re-impacts elsewhere on the planet or is ejected to space. The size of
the crustal excavation boundary is representative of the size of the
crustal thickness dichotomy that is likely to remain, neglecting later
geologic crater modification. Simulation results show that the crustal
excavation boundary size increases with increasing impact energy.
For a given impact energy, the boundary size decreases with increas-
ing velocity and with increasingly oblique impacts (Figs 2 and 3a).
For smaller, half-space impact craters, a deviation in circularity is
only present for highly oblique impacts™'> (>80°). In contrast, our
planetary-scale impact simulations show that with increasing impact
energy, the removed crustal region becomes significantly elongated at
relatively shallow angles (Fig. 3b).

The pattern of crustal redistribution depends upon impact angle.
Although angles above ~60° result in a distinct rim-like feature, less
oblique impacts (<45°) produce widespread crustal thickening but
no short length-scale variations, in agreement with dichotomy char-
acteristics (Fig. 4; contrast with Supplementary Information). In
cases with high ejection velocity, the flight path of ejected material
is of the order of the radius of the planet; thus the ejected material is
distributed globally.

Melt production and distribution are also strongly dependent on
impact energy, velocity and angle. The total amount of melt increases
with increasing impact energy, and at constant energy and low
impact angles exhibits a weak maximum at intermediate velocities
(10-20km s~ '). Melt significantly decreases with increasing impact
angle. As an example, for a nominal 10,000-km crater, head-on (0°)
impacts produce a Mars global equivalent layer (GEL) melt depth
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Melt fraction of surface material
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10° diameter cap area. The surface melt cover fractions are 25%, 8%, 71%
and 12%, respectively. Note the changes in features with impact energy
(nominal crater size), velocity and angle. The planet has been rotated to
centre the excavation boundary at approximately —60° downrange angle.
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Figure 3 | Major axis and ellipticity for impact energies of 3. 1< 10%° J and
5.9 X 10%° J (red and blue, respectively). a, Excavated cavity major axis;
b, ellipticity. Shown are impact velocities of 6 km s~ ! (solid line), 10 kms !
(dashed line) and 50 km s~ ! (dotted line). Major axes and ellipticities of
mapped dichotomy boundary ellipse fits* are shown (black dashed lines),
representing the range of possible boundary locations (reported uncertainty
of £ 100 km). A ‘sweet spot” emerges for these impact energies and at impact
velocities of 6-10 km s~ ' and impact angles of 30-60°.

of 60-80 km (depending on impact velocity), whereas 75° impacts
produce a GEL melt depth of only 6-20 km. The vaporized mass is
less than 1% of the molten mass.

Global melt depths of tens of kilometres have been argued to be
sufficient to erase the signature of the dichotomy’; however, GEL
depths do not represent the highly heterogeneous distribution of melt.
The distribution varies with impact characteristics. For all but the
highest energies (nominal crater size =10,000km), melt is largely
contained within the crustal excavation boundary and extends to
depth (Figs 1 and 2). Depending on impact angle, 50-70% of the melt
resides inside the excavation boundary, 25-30% is deposited outside
the boundary and the remainder is ejected from the planet. Most re-
deposited material is of crustal composition and results in a thickening
of up to ~60% compared with the original crustal thickness.
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Figure 4 | A favoured impact hypothesis compared with Mars's crustal
thickness. Post- to pre-impact simulation crustal thickness ratio (a), and
model thicknesses (based on gravity and topography'’, revised by Neumann
et al., manuscript in preparation) (b). Superimposed are the Andrews-
Hanna et al. dichotomy boundary” (black line) and the crustal excavation
boundary from the simulation results (blue line). Impact simulation
characteristics: 3.1 X 10*°J (nominal 10,000-km crater), 6kms !, 45°,
impactor diameter 2,230 km. Crustal excavation boundary centre (star)
shown at 66° N, 206° E. In a, the crustal thickness is computed at a 2°
resolution and smoothed over a 10°-diameter cap area.
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In areas where crust is removed and the mantle melts, fresh crust
that crystallizes is likely to leave a difference in crustal thickness. The
amount of mantle melt, and hence the thickness of the new crustal
layer, is dependent on impact conditions.

For highly energetic and fast impacts, the shock wave produced is
sufficiently strong to induce antipodal effects including crustal
removal and melting. These are inconsistent with the lack of observed
topographic, gravitational or magnetic anomalies antipodal to the
proposed impact location. Thus we only consider viable simulations
that produce antipodal features smaller than 10° in diameter.

We consider the effect of numerical resolution on the simulation
results. The resolution and fidelity of post-impact crustal features in
these simulations is higher than that of previous three-dimensional
SPH studies. For simulations with a particle smoothing length of
150 km, the basin major axis, ellipticity, antipode size and melt cover
differ from the nominal 118-km resolution simulations by an average
of —8%, —1%, —28% and — 16%, respectively, for nominal 10,000-
and 12,000-km craters. Thus the qualitative conclusions are robust.

Combining the crust and melt distribution results, we find a ‘sweet
spot’ in parameter space, where the simulations show striking sim-
ilarity to the observed Mars dichotomy features (Figs 1, 3 and 4).
Importantly, this range represents impact conditions that are prob-
able inlight of the age of the dichotomy'® and probability distribution
of the impact angle'"*. This parameter space ‘sweet spot’ is at impact
energies of ~(3-6) X 10*?], impact angles of 30-60° and impact
velocities of 6-10kms™', which imply impactor diameters of
1,600-2,700 km. These favoured simulation conditions encompass
the range of uncertainty in the geometry of the observed crustal
anomaly. The early age of the dichotomy is consistent with the
expected timing of the influx of large impactors. These objects are
also expected to have similar orbital velocities™, resulting in impacts
at or slightly above Mars’s escape velocity (=5kms™'). The most
likely impact angle'" is 45°.

Results from the large parameter space explored by the simulations
provide new insights pertinent to global-scale impact processes
thought to prevail in the early Solar System. Our simulations provide
quantitative constraints for the previously only hypothesized extent
of surface melting, planetary disruption and crustal removal as a
function of impact energy and geometric characteristics. The pre-
dicted melt distribution over the surface may provide a heterogen-
eous geochemical signature observable by future Mars missions.

METHODS SUMMARY

SPH is a lagrangian method in which matter is represented by point masses
smoothed over a particle radius (smoothing length), with density and internal
energy computed according to kernel-weighted summation and by the conser-
vation of mass, momentum and energy'®. Pressure, as a function of internal
energy and density, is computed with the Tillotson EOS, and pressure gradients
and self-gravitating forces accelerate the particles. Our simulations conserve
energy and angular momentum to better than 1 part in 2,000. Simulations are
run for 26 h of model time, after which the r.m.s. particle velocity does not
appreciably oscillate. We assume an olivine composition of FoysFa,s (ref. 24).
Density (p, = 3,500 kg m ) (ref. 25), bulk modulus (K= 131 GPa) (ref. 26),
heat capacity’® and heat of vaporization (Hy,, = 10.013 M]J kgfl) (ref. 27) are
measured material values; the nonlinear Tillotson compressive term (B) and two
of the Tillotson EOS fitting parameters (b, Up) are set to the average of those
published for basalt, granite, anorthosite low- and high-pressure phases, and
andesite (B=49 GPa, b= 1.4, Uy =550 M]J kgfl); b varies by only 8%. The
remaining Tillotson EOS fitting parameters are identical for all given rocky
materials (a= 0.5, 2 =5, f =5). The olivine Hugoniot internal energy curve
is on average 15% lower and 11% higher than the experimentally determined
pure forsterite and fayalite curves, respectively, for 0-200 GPa. Using a forsterite
EOS with Tillotson parameters fitted to the experimental curve results, on aver-
age, in 8% more melt (impacts of 8,000-12,000km) and similar melt distri-
bution. Both the mantle and crust are composed of olivine because a single-
particle basalt layer would be numerically unresolved. The core is composed of
iron and the impactor of basalt. The SPH code was modified to initialize with
randomly distributed particles of prescribed composition, internal energy, pres-
sure and mass as a function of radial position. Transient oscillations are damped
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during a relaxation period run. The initial internal energy—pressure profile is set
to that of hydrostatic equilibrium, whereas the surface and core-mantle bound-
ary temperatures are set to those of parameterized convection models of Mars®.
The internal energy—pressure—density profile is computed assuming adiabatic
compression into the planet (core radius 1,600 km, central pressure 50 GPa,
compatible with models***°). The crustal excavation boundary size is a robust
result: for a nominal 10,000-km crater, fitting the 20% and 80% crustal-fraction
contours changes the boundary size by —9% and 12%, respectively.
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