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Introduction:  One of the  oldest  observable fea-
tures on Mars is the crustal dichotomy, a ~ 5 km dif-
ference in surface elevation and ~ 26 km difference in
crustal thickness between the North and South hemi-
spheres  that  originated  within  100’s  of  Myr  of  the
planet’s formation. The formation of the dichotomy is
generally attributed to either  an  exogenic event such
as a giant impact [1–3], or an endogenic process such
as mantle  convection  [4–8].  A giant  impact  explains
the  shape and  slope of the  dichotomy boundary  [9],
but  fails  to  explain  the  crustal  magnetic  signatures
[10].  Mantle  convection can  explain  the relationship
between the  crustal  dichotomy and  the  formation  of
Tharsis [6] but does not explain the elliptical nature of
the  dichotomy boundary and  must  be initiated  by a
large  pre-existing  viscosity jump in  the  mantle.  Al-
though  each  theory has  distinct  advantages,  neither
theory can explain all of the geophysical observations
related to the dichotomy. 

We propose a hybrid model of dichotomy forma-
tion  in  which  a  giant  impact  in  one hemisphere  of
Mars induces degree-1 convection with an upwelling
in the opposite hemisphere (Fig. 1). In this scenario, a
giant  impact in the present-day Northern  hemisphere
excavates crust, creating an initial difference in crustal
thickness between the two hemispheres.  Shortly after
the impact,  an upwelling would occur under  the im-
pact  site.  Over  longer  timescales  (10’s  to  100’s  of
Myr), the dominant upwelling(s) would migrate under
the thicker, insulating crust in the present-day South-
ern  hemisphere.  Melt  generation  from  the
upwelling(s)  would  further  thicken  the  crust  in  the
hemisphere opposite the impact. 

Figure  1.  (a)  An  impact  causes  excavation,  heating,
and a transient upwelling in the Northern hemisphere.
(b) The insulating effects of the thicker, Southern crust
result in degree-1 convection with a large upwelling in
the Southern hemisphere. (c) This enhances the initial
crustal  variation  produced by the  impact  and  forms
melt residue that  could explain  subsequent migration
of the plume/lithosphere and the formation of Tharsis
at the dichotomy boundary [11].

Degree-1 convection has previously been shown to
migrate so that the plume becomes centered under an
insulating cap [7], however these simulations relied on
a similar large viscosity jump that  produced degree-1
convection  without  the  presence  of a  cap.  Here,  we
present preliminary results showing that degree-1 con-
vection  can  form  on  Mars  under  an  insulating  cap
with no viscosity jump in the mid-mantle. We compare
results  for  several  different  cap  thicknesses  and  de-
grees of insulation. 

Methods: Mantle convection simulations are con-
ducted using the CitcomS mantle convection code [6,
12]. The simulation is composed of 12 spherical caps,
each with a resolution of 65 x 65 x 65 elements, with
increased radial  resolution  near  the boundary layers.
We use parameters similar to [6], but with a variable
internal  heating  rate  based  on  [13]  and  a  Rayleigh
number of 1.24 × 108. A crustal cap of thickness dcr =
50 or 25 km is added to one hemisphere. The insulat-
ing effect of the cap is parameterized using a reduction
of thermal conductivity k by a factor kins and/or an en-
richment in heat production Q by a factor QER. The in-
crease in temperature at the base of the cap relative to
non-insulated temperature at  the same depth, is given

for the steady-state case by f ins⋅Q /k⋅(50km )
2 , where

f
ins is a  non-dimensional  insulation  factor  given by

f ins=(QER⋅k ins/2+1)⋅dcr
2 /(50km )

2 . 

Results: Table  1  shows results  for  four  simula-
tions. We report the time until degree-1 convection is
reached,  tD1,  based on  when  the  dominant  spherical
harmonic of the temperature  in  the lower and upper
mantle are both degree-1. Run 0 is a control case with
no insulating  cap that  never  achieved degree-1 con-
vection,  but did maintain  stable degree-2 convection
for the simulation duration (100’s of Myr). 

Table 1: Simulation results
Run dcr (km) kins QER fins tD1

 (Myr)

0 - - - - never

1 50 5 - 2.0 88

2 50 5 4 9.5 47

3 50 4/3 4 2.2 57

4 25 5 4 2.4 50
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We find that an insulating cap can induce degree-1
convection on relatively short timescales <100 Myr. A
concentration of plumes in the Southern hemisphere is
observed even  when  the  thickness  of the  cap  is  re-
duced to 25 km or the reduction in thermal conductiv-
ity is reduced to 4/3 (Fig. 2).  The addition of an en-
richment in heating elements in the cap enhances this
effect, reducing the time until  large degree-1 convec-
tion was achieved.

Discussion and Future Work: Our  results  show
that a degree-1 convection pattern can occur on early
Mars without the presence of a large viscosity jump in
the  mantle.  A crustal  cap  ~25  km thick,  a  possible
remnant  of a giant  impact in  one hemisphere,  could
cause  further  degree-1  convection  with  the
upwelling(s)  localized  under  the  crustal  cap.  The
timescale  of degree-1  convection  forming  under  the
cap,  <100  Myr,  is  sufficient  to  allow for  additional
melting under the cap between the initial formation of
the dichotomy and the formation of Tharsis ~ 3.7 Ga
[16,17].  If the large upwelling  under  the  cap causes
significant melting, it could potentially result in suffi-
cient melt residue to induce plume migration or litho-
spheric rotation, resulting in the formation of Tharsis
on the  dichotomy boundary  [11,18].  In  future  work,
we will concentrate on examining  the melt produced
in our simulations, widening our parameter space for
mantle and cap properties, and investigating the effect
of a temperature pulse from an impact. 

        
Figure 2. Upwelling contours for residual temperature
= 0.03 at 100 Myr for (a) Run 3 and (b) Run 4. De-
gree-1  upwellings  are  centered  under  the  thickened,
Southern crust in both simulations. The upper 100 km
is omitted for clarity.

Acknowledgements: This  work  used  the  Savio
computational cluster resource provided by the Berke-
ley Research Computing program at the University of
California,  Berkeley (supported  by the  UC Berkeley
Chancellor, Vice Chancellor  for Research,  and Chief
Information Officer),  the Extreme Science and Engi-
neering Discovery Environment  (XSEDE) (supported
by National  Science Foundation  grant  number  ACI-
1053575),  and  resources of the National  Energy Re-

search Scientific Computing Center, a DOE Office of
Science User Facility (supported by the Office of Sci-
ence of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231). 

References: [1] Marinova M. M. et al. (2008) Na-
ture, 453, 1216–1219. [2] Nimmo F. et al. (2008) Na-
ture, 453, 1220–1223. [3] Wilhelms D. and Squyres S.
(1984) Nature, 309, 138–140. [4] Ke Y. and Soloma-
tov V. S. (2006) JGR Planets, 111, 1–12. [5] Keller T.
and  Tackley P. J.  (2009)  Icarus,  202,  429–443.  [6]
Roberts J. H. Zhong S. (2006) JGR Planets, 111, 2006.
[7] Šrámek O. and Zhong S. (2010) JGR Planets, 115,
2010.  [8]  Zhong S. and  Zuber,  M.  T. (2001)  EPSL,
189, 75–84. [9] Andrews-Hanna J. C. et al. (2008) Na-
ture, 453, 1212–1215. [10] Citron R. I. and Zhong S.
(2012)  Phys.  Earth  Planet.  Inter.,  212–213,  55–63.
[11] Zhong S. (2009) Nat. Geosci., 2, 19–23. [12] Tan
E. et al.  (2006) Geochemistry, Geophys. Geosystems,
7, 2006. [13] Lodders K. and B. Fegley (1997) Icarus,
126,  373–394. [14] Frey H. V.  (2006) JGR Planets,
111,  1–11.  [15]  Frey H.  V. (2006)  GRL, 33,  2004–
2007.  [16]  Anderson  R.  C.  et  al.  (2001)  JGR, 106,
20563. [17] Phillips R. J. et al. (2001) Science, 291,
2587–2591. [18] Šrámek O. and Zhong S. (2012) JGR
Planets, 117, 1–14.

a b

2517.pdfLunar and Planetary Science XLVIII (2017)


