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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- We model the effect of impact-induced seismic waves causing volcanism at its antipode

- A lower southern hemisphere crustal velocity explains the observed Martian antipodes

- The simulation reveals a hemispheric dichotomy in crustal melting on early Mars
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The Martian crustal dichotomy (MCD) between the southern highlands
and the northern lowlands is the planet’s most ancient crustal structure,
but its origins and evolution remain enigmatic. Understanding of the
MCD comes largely from present-day and shallow crustal constraints.
Lacking ancient and deeper constraints, hypotheses for the origin of
the MCD range from an early giant impact, partial melting from sus-
tained mantle convection, or some combination. We investigate with
seismological modeling the best-preserved case of the “antipodal ef-
fect”—energy from an impact that concentrates and induces uplift and
fracturing promoting volcanism at its antipode—the Hellas crater
and the Alba Patera volcano on Mars. The volcano is latitudinally
offset �2� (�119 km) from the expected antipode, and we explore
whether the MCD can explain this deflection. Variations across the
MCD in topography, thickness, and composition have only minor effects.
Simulations capable of sufficiently decelerating southern surface waves
require the presence of 2%–5% more partial melt in the southern high-
lands. As the age of impact ca. 4 billion years ago post-dates the for-
mation of the MCD, our partial melting results thus imply that, with or
without an early giant impact, the MCD was modified by mantle convec-
tion in order to supply enough heat for crustal melts for several hun-
dreds of millions of years after Mars formation.
Figure 1. The Hellas basin–Alba Patera antipodal effect on Mars (A) Topographic map c
antipode (42�N, 250�E), where the center of the Alba Patera volcano (the observed antipode
with north up. (D) Two-dimensional model cross section of (C) along themeridian of 70�E an
an azimuth of 132� , and its theoretical antipode is at 312� . The observed antipode is locate
magnified by 100 and 3 times, respectively, with the geoid shown for reference. The topog
model the terrain before the impacting.

ll
INTRODUCTION
The Martian crustal dichotomy1 (MCD) is expressed in many respects (cra-

tering, topography, crustal thickness, and magnetization), but with such pre-
sent-day observations, it is difficult to infer how ancient Martian geodynamics
operated. Thus, understanding the origin and early evolution of the MCD is
severely limited. Based on cratering, the highly-cratered southern highlands
are likely older than the relatively smooth northern lowlands, but their contrast-
ing magnetizations2 has also been interpreted in terms of a single-hemisphere
dynamo that would allow the northern and southern crusts to have formed at
the same time.3 Appreciable late-stage magmatism occurred in the vast Thar-
sis magmatic province, but this post-dates the MCD, and mostly lacking
magnetization,2 much of Tharsis also post-dates the shutdown of the Martian
dynamo that presumably had been generated by core-mantle boundary heat
flux4 due to mantle convection.3 Although mantle convection has been invoked
by some to explain the MCD,5,6 other models invoking a giant impact origin do
not require it.7 Thus, although the MCD is known to be Mars’s oldest crustal
structure, much of the geodynamics of how it formed and whether it was
related to mantle convection remain unknown. Insights into the crustal dy-
namics of the early MCD, if made available, could inform the earliest Martian
geodynamics and assess whether mantle convection was important in the for-
mation of the MCD or not.
entered on Hellas basin (42�S, 70�E). (B) Topographic map centered on the theoretical
) is located �2� (�119 km) to the south of the theoretical antipode. (C) Topographic map
d 250�E. With the North Pole set to have an azimuth of 0� , the impacting point is located at
d at 310.2� . The topography and crustal thickness of the Martian crustal dichotomy are
raphy around the Hellas basin (purple) and Alba Patera (yellow) is artificially flattened to
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Figure 2. Impact-induced volcanism due to the antipodal effect (A) Cross section depicting the antipodal effect as body waves travel through the core and surface waves travel
around the globe surface, and both types of waves finally converge at the antipode. (B) Body waves cause localized domal uplift and some fracturing in the region of the antipode. (C)
Surface waves cause ground rolling that creates a larger system of fractures. (D) At a subsequent age of impact whenmelt is present, magmatism uses the systemof fractures to form
a volcanic edifice at the antipode.
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THE HELLAS–ALBA PATERA ANTIPODAL EFFECT
We use seismological modeling of the antipodal effect8–10 associated with

the large post-accretionary impact of the Hellas basin and the nearly antipodal
Alba Patera volcano to investigate the state of the ancient Martian crust (Fig-
ure 1). Impacts are not necessarily expected to cause volcanism close to the
crater or at the impact antipode unless additional considerations for triggering
are considered.11,12 Based on crater counting, the Hellas impact is thought to
range from 4.1 to 3.8 billion years ago (Ga) in age,13,14 potentially making it
part of the late heavy bombardment.15 Based on crater counting and geologic
mapping, Alba Patera is a late Hesperian/early Amazonian (ca. 3.2 Ga) volcanic
edifice.16 Although seismically induced volcanism is possible if a magma cham-
ber is already on the verge of eruption, the relative ages in this case would
argue against such a scenario. Thus, the younger Tharsis volcanism was
focused in the Alba Patera region due to crustal pre-conditioning by uplift
and fracturing from the antipodal effect of the earlier Hellas impact. Subsequent
magmatism would occur in the region antipodal to impact according to the up-
lift (dominantly P and S waves) and fracturing (dominantly surface waves) sce-
nario outlined in Figure 2. The fact that Alba Patera is the farthest large volcano
from the center of the Tharsis magmatic province (Figure 1) supports the idea
that its emplacement was abetted by such pre-existing fractures. Notably, there
is a �2� (�119 km) offset between the volcanic center of Alba Patera and the
theoretical antipode of the central uplift of the Hellas basin (Figure 1). We
explore whether the observed slight deflection of the antipodal effect can be ex-
plained by the nature of the MCD at that time.

IMPACT-INDUCED SEISMIC WAVES ON MARS
In an attempt to explain the deviation of the antipodal effect, we take a con-

servative approach invoking simple explanations at first and only invoke more
complex explanations if required. Even before invoking any feature of the MCD,
2 The Innovation 3(5): 100280, September 13, 2022
we explore whether impact angle alone can explain the deviation. Based on the
results from numerical modeling (supplemental Figures 1 and 2) using the
spectral element method,17,18 it turns out that the location of the impact-
induced region of uplift and fracturing is always precisely at the antipode, irre-
spective of whether the impact angle is 0� , 20� , or 40� (Figure 3). We also test a
three-dimensional (3D) global-impact-induced seismic wave simulation of the
Hellas–Alba antipode. The simulation shows that based on a present-day
Mars model, though affected by topography, the surface waves propagate sym-
metrically and thus concentrate approximately at the exact antipode of the Hel-
las basin (supplemental Figure 4). This 3D result thus indicates that we can use
2D profiles to avoid computationally intensive 3D forward-modeling simulations
for investigation of the MCD on early Mars. Then, we use a 2D radially layered
model19 (supplemental Figures 1 and 2; supplemental Table 1) to assess the
effect of impact angles on seismic waves.17–20 Martian plate tectonics21 occur-
ring after impacting could explain the deflection, but such evidence is limited
and contentious; furthermore, the sense of tectonic motion speculated for
Alba Patera,21 if indeed plate tectonics were operational on Mars, would have
moved the volcano in both longitude and latitude, but there is almost no devi-
ation in longitude for the observed antipode (Figure 1). Also, Mars’s mantle and
core are usually considered radially symmetric in velocity structure, thus body
waves mainly propagating through the interior would not affect the antipode po-
sition (Figure 2). Therefore, we focus on the surface waves by investigating their
asymmetric propagation in the Martian crust and energy concentration around
the region of the antipode.
A uniform crustal thickness yields energy at the theoretical antipode and

cannot explain the deflection (Figure 4A). Thus, we take the current Martian
topography into account in our experiments by calculating the local distri-
bution of relative energy intensity (supplemental Figure 5) near the antip-
ode. The results show that topography contributes only 0.05� , or a
www.cell.com/the-innovation
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Figure 3. Synthetic impact-induced seismic waves (A) Representative snapshots of radial displacement wavefields. See more snapshots in supplemental Figure 3. (B–D) present
radial waveforms and their amplitude distribution at the theoretical antipodal point (azimuth of 312�) with different impact angles. (B) Comparison of waveforms. (C) Partial
enlargement of P-waves. (D) Local peak radial displacement distribution in the body-wave window 500–1500 s near the theoretical antipodal point. (E) Local peak radial displacement
distribution in the body-wave window 500–1500 s near the theoretical antipodal point. (F) Local peak radial displacement distribution in the surface wave window 1500–5000 s.
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negligible 2.5% of the 2� deviation (Figure 4). Such a small topographic ef-
fect on the travel time of surface waves (supplemental Figure 5D) is not
surprising provided that the �5 km relief is small compared with average
crustal thickness (�50 km).7,22 Our next numerical simulations show that
the lateral variation of crustal thickness22 evidently moves the simulated
antipode �7.9� northward, which is much larger than the observed deflec-
ll
tion of the antipodal effect and in the opposite direction to reconcile the
offset (Figure 4A and supplemental Figure 6). Therefore, the variable crus-
tal thickness across the MCD is an important aspect for explaining the
location of Alba Patera, as the large magnitude of its influence effectively
sets the true target deviation to be explained, that is, it increases the
apparent deviation of only �2� to �7.9�.
The Innovation 3(5): 100280, September 13, 2022 3



Figure 4. Simulations of the antipodal effect by various crustal parameters The local
distribution of relative energy intensity is calculated at the peak amplitudes of surface
waves near the antipode (see Figure 3A for the azimuth definition, see supplemental
materials and methods for the calculation details). Topography and crustal thickness are
both considered in all cases. The gray shaded region denotes the observed antipode. (A)
Simulations with higher crustal velocity (+5%, +10%, and +17%) in the northern crust
(Figure 1D). (B) Effects of partial melt in southern upper crust (0–17 km depth) as a
percentage more than that in the northern upper crust. More cases with various crustal
parameters with hemispheric differences (thickness, compositions, and partial melt) are
shown in supplemental Figure 6.
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We match the observed deviation by tuning crustal velocity on either side
of the MCD. As the paths along the surface to the north and the south have
different lengths of arc through the two sides of the MCD (Figure 1D), we
must consider two options: the northern lowlands have a higher crustal ve-
locity or the southern highlands have a relatively lower crustal velocity
compared with the global crustal model. The matching between the simu-
lated and observed antipodes show that +17% faster crustal velocity in the
northern hemisphere or �22% slower crustal velocity in the southern hemi-
sphere can both account for the �7.9� deviation (including the effects of
topography and MCD crustal thickness; Figure 4 and supplemental Figure 6).
To compensate for such an evident deflection, we consider the possibilities
of either contrasting crustal compositions or amounts of partial melt on
either side of the MCD.

CONTRAST IN CRUSTAL COMPOSITION
We first consider a strong contrast in crustal composition. As most of

the Martian crust is thought to be basalt (dense and seismically fast),
the only reasonable compositional parameterizations of the hemispheric
crustal velocity anomalies would be invoking bulk compositions in the
southern hemisphere that are less dense and seismically slower than
basalt. As the magnitudes of the relative crustal velocity anomalies are
broadly similar for a slower southern crust and a faster northern crust,
and both relate to slowing seismic waves traveling through the southern
crust, we thus select to parameterize the option of a lower southern crustal
velocity anomaly of �22%. It has become apparent that there are more
than mafic rocks on Mars. The ChemCam of the Mars Science Laboratory
mission deployed at Gale Crater detected multiple distinct soil types
4 The Innovation 3(5): 100280, September 13, 2022
ranging from mafic to felsic compositions.23 Further evidence of felsic
rocks has been argued for on the basis of spectral and aerial imagery24

and geochemistry.25,26 Based on the average densities and seismic wave
speeds of rocks27 (supplemental Table 2), we model six possible cases
to investigate how a difference of compositions between the southern
and northern crusts affects the distribution of relative energy intensity (Ta-
ble 1). Detailed results of variable crustal compositions, including possible
variability at depth (i.e., upper, middle, and lower crusts) are shown in sup-
plemental Figure 1 and Table 1. The results, invoking felsic or intermediate
compositions (i.e., andesite or tonalite) in the southern crust (at variable
depths) to slow seismic velocities, show that the hemispheric differences
in composition exhibit location misfits (i.e., distance from the observed an-
tipode) that range from 2.4� to 8.7�. Therefore, variable crustal composi-
tions across the MCD can only partly explain the formation of Hellas–
Alba Patera (H–AP) antipode and are not alone sufficient.
PARTIAL MELTING ACROSS THE CRUSTAL DICHOTOMY
We further consider whether the presence of relatively more melt in the south-

ern crust can cause the crustal velocity anomaly. Provided the old age of the Hel-
las impact, some degree of melt in the crust is to be expected as a large percent-
age of the Martian crust, such as the vast Tharsis magmatic province, was
generated by post-Hellas magmatism. The presence of 1% melt slows seismic
velocities by �7.9% for S-wave speed and �3.6% of P-wave speed.28 We model
nine cases to investigate the effect of crustal partial melt on the distribution of
relative energy intensity (Table 1). More cases are investigated with and without
variable crustal composition as a sensitivity test, and detailed results are listed in
Table 1. It is apparent that the crustal partial melt can account for a large portion
of the observed deflection (supplemental Figure 6). For example, �1.6% melt in
the southern upper crust can well represent the relative energy intensity (simu-
lated antipode) around the observed antipode (center of Alba Patera). The best
and simplest explanation for the H–AP antipode is that�1.6%moremelt existed
in the southern than in the northern upper crust at the age of the Hellas impact at
ca. 4 Ga. As a sensitivity test for our result for the 2D profile we use (Figure 1), we
picked out six additional 2D planes and attained essentially identical results (sup-
plemental Figure 7). This demonstrates that our results are independent of the 2D
plane analyzed and are supported by any given cross section of the planet (sup-
plemental Figure 8).
The largest uncertainty in our study is the precise impact location. To be

clear, this is not how impact angle affects the antipodal effect (discussed early),
but how impact angle affects the structural formation of the impact crater and
therefore our ability to deduce the precise point of impact away from which
seismic waves traveled. Both laboratory impact experiments and numerical
modeling indicate that the antipodal effect of an impact is located antipodal
to the first contact point of the impact, which is only the same as the center
of the impact basin for vertical impacts.29 For a near-vertical impact angle of
30� (where vertical is 0�), the offset between the first contact point of the
impact and the resulting crater center is �10�.29 The impact angle of Hellas Ba-
sin is unknown, with even the suggestion of a double impact.30 The elliptical
shape of the crater and the asymmetry of its topography and thickness of
the ejecta blankets on the northwest and southeast sides of the crater have
been interpreted as resulting from an oblique impact.31,32 Nonetheless, elliptical
impact basins, particularly for such large impacts as Hellas (the largest on
Mars), may alternatively be simply attributed to planetary curvature.33 Further-
more, the ellipticity of Hellas is notably smaller than the South Pole–Aitkin basin,
the largest impact crater on the Moon. We tested the sensitivity of our results to
a potential offset of the first point of contact from the crater center. Firstly,
although Hellas basin is large, its crater rim to the northwest (the suspected up-
range direction in the event of an oblique impact) is <10� away, and given the
large diameter of the large impact was likely �230 km (1/10 the crater diam-
eter), the range of possible locations of the first point of impact implies that the
impact angle was nearly vertical (<30�). Secondly, when we offset the impact
point in incremental amounts (1� , 2� , 4�, and 8.4�) to the northwest from the
crater center, we find that none of the potential offsets reproduce the theoretical
antipode, and they actually shift the antipode in the wrong direction to solve the
problem (supplemental Figure 8). Thus, our results are robust given the size
and nature of this uncertainty and, furthermore, settle the debate over the
www.cell.com/the-innovation

http://www.thennovation.org
http://www.thennovation.org


Table 1. Different crust models

Description Case #

North South

Deviation (�)U M L U M L

Compositions (Northern crust: B, G, and P/Du) 11 B G P/Du A G P/Du �6.5

12 B G P/Du A + 1% G + 1% P/Du + 1% �12.4

13 B G P/Du A + 2% G + 2% P/Du + 2% �12.4

14 B G P/Du B T P/Du �6.2

15 B G P/Du B + 1% T + 1% P/Du + 1% �10.2

16 B G P/Du B + 2% T + 2% P/Du + 2% �11.5

17 B G P/Du A T P/Du �8.7

18 B G P/Du A + 1% T + 1% P/Du + 1% �12.3

19 B G P/Du A + 2% T + 2% P/Du + 2% �13.0

Compositions (Northern crust: D, D, and D) 21 D D D A D D 3.1

22 D D D A + 1% D + 1% D + 1% 0.8

23 D D D A + 2% D + 2% D + 2% �1.9

24 D D D B T D 5.5

25 D D D B + 1% T + 1% D + 1% 2.1

26 D D D B + 2% T + 2% D + 2% 0.4

27 D D D A T D 2.4

28 D D D A + 1% T + 1% D + 1% �0.3

29 D D D A + 2% T + 2% D + 2% �3.5

Partial melt ratios for southern crust 30 D D D D D D 7.9

31 D D D D + 1% D D 3.0

32 D D D D + 1% D + 1% D 5.1

33 D D D D + 1% D + 1% D + 1% 5.5

34 D D D D + 2% D D �1.4

35 D D D D + 2% D + 2% D 3.2

36 D D D D + 2% D + 2% D + 2% 3.6

37 D D D D D D + 1% 7.5

38 D D D D D D + 2% 7.5

39 D D D D + 1.6% D D �0.2

Partial melt ratios for A-E antipode 40 D D D D D D �27.8

41 D D D D + 1% D D �25.8

42 D D D D + 2% D D �21.6

43 D D D D + 3% D D �15.7

44 D D D D + 4% D D �8.7

45 D D D D + 5% D D 2.5

46 D D D D + 4.8% D D �0.1

See supplemental Table 2 for compositional abbreviations. U, upper crust, �16.7 km; M, middle crust, �16.7 km; L, lower crust, �16.7 km. Every 1% melting indicates
7.9% reduction for S wave velocity (Vs) and 3.6% reduction for P wave velocity (Vp) and density.28 Default Martian crustal composition (D), velocities of basalt (B), Gab-
bro (G), andesite (A), tonalite (T), pyroxinite (P), dunite (Du), pyroxinite/dunite (P/Du) are obtained from the previous study (see Table S1). Percentages in the table indi-
cate melt ratios.

Report
Hellas impacting scenario: only one impact from a near-vertical impact is
required.

To double-check our result for the H–AP antipode, we further explored other
antipodal sets of impacts and volcanos as independent tests. There are two
other large, post-accretionary impact basins onMars,34 the Argyre and Isidis ba-
ll
sins. The Isidis basin is the smallest of the three and is not obviously associated
with a near-antipodal volcano. The Argye basin is nearly antipodal to Elysium
Mons (A–EM antipode; supplemental Figure 9), but the observed deviation of
the antipodal effect is large (�25.5�). In terms of the sense of the deviation,
Elysium Mons is indeed south of the theoretical antipode along the path that
The Innovation 3(5): 100280, September 13, 2022 5
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 seismic waves would have traveled predominantly through the southern hemi-

sphere (supplemental Figure 2B). Thus, the A–EM deflection, however larger,
is consistent with the relative sense of the crustal velocity anomalies inferred
from the H–AP antipode. Our model of the A–EM antipode suggests that
�4.8% melt existed in the southern upper crust at the age of the Argyre impact
(supplemental Figure 9; Table 1). Both the H–AP and A–EM antipodes can be
well explained by relatively more partial melt in the southern upper crust of
Mars at the time of this post-accretionary bombardment. While the percentages
of melt predicted for the two antipodes are broadly consistent, their factor of 3
difference (�4.8% versus�1.6%)may be attributable to heterogeneity in the dis-
tribution of melt in the southern hemisphere, as the two antipodal effects fol-
lowed different great-circle paths (Figure 1 and supplemental Figure 9) and/or
the two impacts were different enough in age to document a change inmelt vol-
ume on early Mars.

The antipodal effect during the ca. 4 Ga post-accretionary bombardment pro-
vides a unique snapshot in time and at deep crustal levels of the geodynamics of
the ancient crust of Mars. As more becomes known about the composition of
theMartian crust, our results for the percentage ofmelt can be refined. However,
provided that crustal composition has only a minor effect and that similar de-
grees of melt yielded similar misfits with or without variable compositions, our
melt results are unlikely to change considerably. The percentage of melts
invoked here may seem large but can be considered reasonable for several rea-
sons. Given the antiquity of the antipodal effect constraints, higher mantle tem-
peratures would have been associated withmoremelting, akin to Archean Earth
with much a greater percentage of melts than today.35 Also, provided evidence
for Noachian surface water on Mars,36 upper crustal hydration could have low-
ered solidus temperatures and increased the presence of melt at shallower
depths than otherwise would have been permitted.37 The antipodal effect thus
offers a unique window into the geodynamics of ancient Mars and reveals a
hemispheric dichotomy in crustal melting during early Noachian time. With or
without an early giant impact, the crustal architecture of the MCD wasmodified
by appreciable amounts of crustal melting sustained by heat flux from mantle
convection for billions of years after planetary formation.
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