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Implications of an impact origin for the martian
hemispheric dichotomy
F. Nimmo1, S. D. Hart1, D. G. Korycansky1 & C. B. Agnor2

The observation that one hemisphere of Mars is lower and has a
thinner crust than the other (the ‘martian hemispheric
dichotomy’)1–3 has been a puzzle for 30 years. The dichotomy
may have arisen as a result of internal mechanisms such as con-
vection4,5. Alternatively, it may have been caused by one6 or sev-
eral7 giant impacts, but quantitative tests of the impact hypothesis
have not been published. Here we use a high-resolution, two-
dimensional, axially symmetric hydrocode8,9 to model vertical
impacts over a range of parameters appropriate to early Mars.
We propose that the impact model, in addition to excavating a
crustal cavity of the correct size, explains two other observations.
First, crustal disruption10 at the impact antipode is probably
responsible for the observed antipodal decline in magnetic field
strength11. Second, the impact-generated melt forming the north-
ern lowlands crust is predicted to derive from a deep, depleted
mantle source. This prediction is consistent with characteristics
of martian shergottite meteorites12,13 and suggests a dichotomy
formation time 100 Myr after martian accretion13, comparable
to that of the Moon-forming impact on Earth14.

It has been proposed6, mainly on the basis of geological observa-
tions, that the northern lowlands of Mars were generated by a single
giant impact with a kinetic energy of ,1029 J. The hypothesized
impact occurred at roughly 170u E, 50uN and resulted in the partial
or total removal of pre-existing crust from a basin 3,850 km in radius.
Later spacecraft measurements1,2 confirmed a relatively abrupt
increase in both elevation and crustal thickness 50–80u (3,000–
4,750 km) from the putative impact centre, and an antipodal decline
in magnetic field strength (Fig. 1). Also, cratering statistics suggest
that the northern lowlands were formed early, at around 4.4 Gyr
BP

3,15.
We have simulated giant impacts on Mars using the eulerian

numerical hydrocode Zeus8, modified to model impact events9. We
verified that the code reproduced previous results for transient
impact crater behaviour and also benchmarked it against lagrangian
smoothed-particle hydrodynamics (SPH) results (see
Supplementary Information). Individual impactor and simulated
Mars characteristics are given in Supplementary Table 1 and Fig. 2,
respectively. The excavation and redistribution of crustal material
was tracked using passive tracer particles with 5-km vertical spacing
in the top 50 km of the crust.

Because the martian crust has an average thickness of roughly
50 km (ref. 2), high spatial resolution is required to investigate crustal
excavation and redistribution. We therefore focused on vertical
impacts, which allowed us to model the problem in two dimensions.
Three-dimensional lagrangian methods such as SPH can investigate
non-vertical impacts, but at the expense of lower spatial resolution.
Our high-resolution study of vertical impacts is thus complementary
to the investigation of oblique impacts reported elsewhere in this

issue16. A comparison of vertical impacts modelled with both Zeus
and SPH suggests that the latter tends to underestimate the volume of
crust excavated, primarily because of its limited resolution (see
Supplementary Information). In future, a combination of both
methods may be required to further address the origin of the dicho-
tomy.

Geological tests of the giant-impact hypothesis have proved incon-
clusive17, partly because of later erosion18 and sedimentation19, or
modification by post-impact slumping20. The inferred crustal thick-
ness distribution is less likely to have been modified, except by later
impacts or volcanism around Tharsis21; lateral crustal flow appears to
have been limited22. We therefore compared our crustal excavation
results with the observed crustal thickness distribution (Fig. 1; see
Methods).
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Figure 1 | Averaged crustal properties as a function of angular distance
from impact centre (from ref. 6) at 1706 E, 506 N. a, Topography (solid
lines) from ref. 1 and absolute radial magnetic field (dotted line) at 200-km
altitude from ref. 11. b, Crustal thickness from ref. 2. Bold lines denote mean
values; thin lines denote 61 s.d.; shaded region denotes basin radius,
estimated on the basis of the crustal thickness data to be 50–80u
(3,000–4,750 km; compare with ref. 6).
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Impact melting occurs because of decompression following the
initial shock, and depends on the peak shock pressure reached23,24.
Numerical simulations25 show that the total mass of melt generated is
well approximated by 5U/C2, where U is the kinetic energy of the
impactor and C is the sound speed (7.8 km s21 for anorthosite at high
pressure23). The volume of crust missing from the northern lowlands
is about 1.5 3 109 km3; the kinetic energy estimated in ref. 6 implies a
melt volume of roughly double that value. To investigate this result,
we therefore also calculated the volume of melt generated in our
simulations using a second set of model runs in which tracer particles
were distributed throughout the crust and mantle (see Methods). We
excluded material in an expanded state (density ,1,000 kg m23) to
avoid counting melted material in the ejecta plume, which does not
generally re-impact within the excavated cavity (see Fig. 2).

Figure 2 shows the evolution of a typical impact model. Figure 2a
shows a snapshot near the time of maximum transient crater depth.
The shock wave has already penetrated into the core, and a region of
unexpanded, shock-melted material (grey shading) has developed.
However, the bulk of the crust remains undisturbed. At later times
(Fig. 2b–d) the ejecta curtain propagates laterally, and in Fig. 2c
focusing of a shock wave at the antipode results in crustal disruption
and a second, antipodal region of melt generation (see below).

Although the ejecta curtain appears to be ‘folding back’ on itself, this
is an artefact which arises because only crustal particles are being
plotted. The ejecta actually moves outwards from the impact site in
a coherent fashion, with mantle particles forming the core of the
apparent fold (see Supplementary Fig. 6).

The width of the excavated region changes little between Fig. 2c
and Fig. 2d. The evolution of both the excavation diameter and the
percentage of crustal particles escaping Mars are shown in Fig. 2e and
demonstrate that constant final values (6,000 km and 2.8%, respect-
ively) are reached at a time of about 4,000 s. Figure 2f shows the final
distribution of crustal particles and demonstrates the angular extent
of the region from which the crust has been completely stripped.
There is an increase in crustal thickness adjacent to the excavated
region, a roughly uniform zone in the middle and a ,20u-wide
excavated zone at the antipode. The uniform zone, but not the thick-
ened region, is in agreement with the observations (Fig. 1). Because of
the two-dimensional nature of the model used, the degree of excava-
tion at the antipode is overestimated (see below) and we can only
generate axially symmetric basins (compare with ref. 16).

The total melt volume produced during the impact is 6 3 108 km3.
Ascent and lateral drainage of this melt, although geologically rapid26,
is likely to be slow in comparison with the immediate post-impact
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Figure 2 | Results from typical axially symmetric impact simulation using
Zeus hydrocode8,9. We used 300 evenly spaced grid points in the azimuthal
direction and 200 grid points in the radial (r) direction, with a minimum
spacing of 25 km for 2,000 , r , 5,000 km and a progressively coarser radial
spacing elsewhere (see Supplementary Information). The anorthosite
impactor has a radius of 320 km, a vertical speed of 14 km s21 and a kinetic
energy of 3.95 3 1028 J. Mars has a radius of 3,400 km and consists of an
anorthosite mantle (density 2,940 kg m23) overlying an iron core of radius
2,000 km and density 7,800 kg m23; material properties and Tillotson
equation of state were taken from ref. 23. The gravity field varies radially but
not in time. The model was allowed to equilibrate before impact.
a–d, Snapshots of the resulting density field as a function of time t after
impact. Densities ,100 kg m23 are not plotted. Passive tracer particles
representing 50-km-thick crust are white for density ,1,000 kg m23 and

black for density .1,000 kg m23. Grey overlay regions with white contours
are areas where unexpanded tracer particles experience peak pressures in
excess of the melting threshold (43 GPa; see text). The apparent ‘folding
back’ of the ejecta in c and d is an artefact caused by plotting only crustal
particles (see Supplementary Information). e, Time evolution of excavation
diameter (crosses) and fraction of crustal particles escaping from Mars (solid
line). The excavation diameter was calculated by tracking the fraction of
particles in each angular bin (width 60 km) with densities .1,000 kg m23,
relative to the original number of particles (see text). Anomalously low
points arose owing to failure of the edge-detection algorithm. The arrows
denote snapshots shown in a–d. f, Fraction of crustal particles having
densities .1,000 kg m23 in each angular bin as a function of angular
distance at the end of the simulation, calculated using an 11-point moving
average. Dotted line denotes initial particle distribution.
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slumping and crater rebound23. However, ascent will be fast in com-
parison with the cooling time of the mantle, resulting in an isostati-
cally compensated feature, as observed2. The melt will fill in the
topographic depression due to the excavated crust. Melt extraction
is unlikely to reach 100%, and our adoption of an anorthosite mantle
results in conservatively high melt volume estimates (see
Supplementary Information). If melt extraction were 100% efficient,
a lowland crustal thickness of 21 km (somewhat smaller than that
observed) and a topographic low of about 4 km would be generated.
A thicker crust and a less pronounced topographic low would result
from either a slightly more energetic impactor than that shown in
Fig. 2, or subsequent lowland volcanism. Our two-dimensional
approach is limited by its inability to model non-vertical impacts.
However, because both melt volume and transient crater diameter
scale with impact angle in a similar fashion24, we anticipate that
moderately oblique impacts will generate results similar to those
discussed here (compare with ref. 16).

Figure 3 summarizes the final excavation radii and mantle melt
masses produced for our 28 model runs. Excavating a basin 3,000–
4,750 km in radius requires an impact energy of 3 3 1028–3 3 1029 J,
which is comparable to the original estimate of ref. 6. The excavated
radii (Fig. 3a) lie close to the line determined by the simple energy-
scaling argument used in ref. 6. Except for the most energetic impac-
tors, the corresponding melt masses scale very closely with kinetic

energy (Fig. 3b), in agreement with ref. 25. Several model runs with
impact energies in the range 3 3 1028–1 3 1029 J generate a cavity of
the correct radius without generating too much melt.

The degree of antipodal excavation seen in our models (Fig. 2) is an
overestimate resulting from the perfect focusing caused by the axially
symmetric geometry27. Three-dimensional SPH simulations show
near-surface velocities that are a factor of five to ten lower (see
Supplementary Information); the discrepancy is due to a combina-
tion of the differing geometries and resolutions used in the two
approaches. The SPH antipodal shock pressures (,0.1 GPa) provide
a conservative lower bound; they are an order of magnitude too small
to cause shock demagnetization28, but are certainly sufficient to cause
fracturing and motion of crustal blocks. Reorientation of previously
magnetized crustal material will disrupt any pre-existing long-wave-
length, coherently magnetized structures29 and cause an apparent
reduction in magnetization (see, for example, ref. 10) at spacecraft
altitudes. This prediction can be tested with low-altitude or surface
magnetic field measurements.

A second prediction is that the origin of the northern lowlands
crust is fundamentally different from that of the highlands crust. The
latter probably formed directly by magma ocean solidification a few
tens of millions of years after Mars accreted12. The northern lowlands
crust, by contrast, probably arose primarily from shock melting in the
deep and previously depleted martian mantle (Fig. 2). The northern
lowlands crust is thus likely to have a different composition and
density to that of the highlands. Although detailed petrological mod-
elling of such a melt source has yet to be carried out, generation of
shergottites by deep melting is a possibility30. Furthermore, an impact
model for the northern lowlands crust is consistent with evidence of a
partial melt derived from a depleted source which formed ,100 Myr
after accretion13. If correct, this observation agrees with crater-count-
ing estimates of the lowlands’ age15, and suggests that the dichotomy-
forming impact took place within the same time window as the
Moon-forming impact on Earth14.

METHODS SUMMARY

We determined the radius of the region from which crustal material had been

excavated by tracking the fraction f of passive crustal tracer particles remaining

within a series of angular bins, relative to the original number. Particles that had

densities less than a critical value rc were assumed to be in an expanded state23

and were not counted; varying rc from 100 to 2,000 kg m23 had negligible effect

on the results. The edge of the excavated region was found by establishing where

a moving average of f first exceeded a critical value (see Methods). To investigate

melting, we carried out a second set of model runs in which tracer particles were

distributed throughout the entire crust and mantle. Following ref. 24, we deter-

mined the degree of melting for each particle by comparing the maximum

pressure experienced with the pressure range over which melting occurs (43–

52 GPa for anorthosite at high pressure23), and integrated over all the particles to

estimate the total melt volume.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
The model grid consisted of 300 points in the azimuthal direction and 200 in the

radial direction. The radial grid consisted of three regions: an inner region

(r , 2,000 km, 30 grid points) in which the distance between successive grid

points decreased outwards by a factor of 0.952; a central region

(2,000 km , r , 5,000 km, 120 grid points) in which the distance was constant

at 25 km; and an outer region (5,000 km , r , 9,000 km, 50 grid points) in which

the distance between successive grid points increased outwards by a factor of

1.04.

The model consisted of an iron core (radius 2,000 km), an anorthosite mantle

(outer radius 3,400 km) and a thin external atmosphere (surface density

1022 kg m23, scale height 11 km). Solid material used the Tillotson equation

of state23; the atmosphere was assumed to be an ideal gas. The interior gravita-

tional acceleration was calculated assuming the initial two-layer, constant-den-

sity structure, whereas the exterior gravity falls off as 1/r2. We did not recalculate

gravitational accelerations at subsequent time steps, but instead assumed them
to remain at the initial values.

We initialized the target in an isothermal state with each layer having constant

density. We then allowed it to equilibrate for 3,380 s before an impact was

imposed, to allow the target material to reach hydrostatic equilibrium. Impact

parameters for individual runs are tabulated in Supplementary Table 1, and

azimuthally averaged initial values of energy density, pressure and density for

selected radial distances from the centre of the planet are tabulated in

Supplementary Table 2.

We calculated the evolution of the excavated crustal diameter by determining

the fraction f of unexpanded (density .1,000 kg m23) particles left within each

angular bin of width 60 km. The edge of the excavated region was set to bin index

j when the following criteria were satisfied: fj22 5 0, fj21 , 0.5, fj12 . 0.5,

fj13 . 0.5. This particular set of criteria was found to be robust when compared

with visual inspection of the excavated cavity diameter.

We carried out two sets of runs that differed only in the distribution of passive

tracer particles. The first set used tracer particles separated by 5 km in the vertical

direction and 20 km (at the surface) in the horizontal direction, in the top 50 km

of the solid region only. The second set used tracer particles separated by 10 km

and 60 km (at the surface) in the vertical and horizontal directions, respectively,
over the entire crust and mantle of the model. We used the first set of runs to

investigate crustal excavation, and the second set to investigate melt production.

To calculate the total melt volume, we first calculated the maximum shock

pressure experienced by each particle, Pmax, and then calculated the resulting

melt fraction from (Pmax 2 Pim)/(Pcm 2 Pim), where Pim 5 43 GPa and

Pcm 5 52 GPa are respectively the pressures for incipient and complete melting23,

and the melt fraction saturates at a value of one. Only unexpanded particles

(density .1,000 kg m23) were counted.
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