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[1] Although Mars currently has no global dynamo-driven magnetic field, widespread
crustal magnetization provides strong evidence that such a field existed in the past. The
absence of magnetization in the younger large Noachian basins suggests that a dynamo
operated early in Martian history but stopped in the mid-Noachian. Within a 100 Ma
period, 15 giant impacts occurred coincident with the disappearance of the global
magnetic field. Here we investigate a possible causal link between the giant impacts
during the early and mid-Noachian and the cessation of the Martian dynamo at about the
same time. Using three-dimensional spherical mantle convection models, we find that
impact heating associated with the largest basins (diameters >2500 km) can cause the
global heat flow at the core-mantle boundary to decrease significantly (10–40%). We
suggest that such a reduction in core heat flow may have led to the cessation of the
Martian dynamo.
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1. Introduction

[2] Mars currently has no global dynamo-driven magnet-
ic field, but the existence of strong crustal fields due to
remanent magnetization [Acuña et al., 2001] indicates that a
global field existed in the past. The absence of magnetiza-
tion in the large basins Hellas and Argyre suggests that a
dynamo operated during the early to mid-Noachian epoch,
but stopped soon thereafter [Acuña et al., 1999; Arkani-
Hamed and Boutin, 2004].
[3] Recent simulations of the Martian dynamo indicate

that it may have been in a subcritical regime early in
Martian history [Kuang et al., 2008]. A subcritical dynamo
occurs in a fluid iron core that has insufficient thermal
forcing to initiate convection and generate a magnetic field
on its own, but can sustain convection in the presence of a
preexisting magnetic field. In this situation, a decrease in
CMB heat flow of as little as 1% can be sufficient to shut
down the global magnetic field [Kuang et al., 2008]. In
order to restart the dynamo, the core dynamo must become
supercritical, requiring an increase in heat flow of !25%
above the minimum needed to sustain the subcritical dyna-
mo. Thus, if the dynamo fails once, it may not return even if
the original core cooling rate is restored. Other studies
suggest that the early Martian dynamo may have operated
only in a single hemisphere as an effect of the formation of

the hemispheric dichotomy [Stanley et al., 2008]. A single-
hemisphere dynamo may explain the concentration of
magnetization in the southern highlands, but does not
address the presence of local regions of moderate magne-
tization in the north [Johnson and Phillips, 2005], or the
timing of the dynamo’s cessation.
[4] Observations of gravity and topography [Frey, 2008]

indicate that 15 of the 20 giant (i.e., basins >1000 km in
diameter) ancient Martian impacts occurred within a 100
Ma period, toward the end of which the global magnetic
field disappeared [Lillis et al., 2008a]. Further, the five
unambiguously demagnetized basins are also the youngest
of the 20. Utopia, perhaps the oldest of these demagnetized
basins (see Figure 1), is also the largest and therefore has the
greatest potential to affect the interior.
[5] These impacts have the potential to deliver significant

amounts of heat to the mantle [Reese et al., 2002; Monteux
et al., 2007; Watters et al., 2009]. The cessation of the
dynamo is usually attributed to a heat flow at the core-
mantle boundary (CMB) that is too low to permit core
convection [Nimmo and Stevenson, 2000]. Here we inves-
tigate a possible link between the giant impacts during the
early and mid-Noachian and the cessation of the Martian
dynamo at or about the same time. We determine the
heating of the Martian mantle due to impactors [Watters et
al., 2009] that formed the twenty largest extant and buried
impact basins with diameters greater than 1000 km [Frey,
2008]. At model times corresponding to the Hartmann-
Neukum ages of the impact basins [Hartmann and Neukum,
2001; Frey, 2008] we introduce this impact heating into 3D
spherical convection models [Zhong et al., 2000; Tan et al.,
2006] of the Martian mantle. We then examine the effect of
this heating on the CMB heat flow.
[6] First, we give a short background of the observations

of the giant impact basins on Mars, their ages and magne-
tization states, and the early dynamo. Next, we describe our
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methods for computing the mantle heating due to the
impacts and our models of mantle convection incorporating
this heating. In section 5, we present the results of our models
for a range of mantle viscosities and radioactive heating rates,
with particular attention to the spatial and temporal variation
of the CMB heat flow. Finally, we discuss the implications of
our results for the cessation of the Martian dynamo and the
loss of the global magnetic field.

2. Giant Impacts

[7] Quasi-circular depressions (QCDs) identified in
MOLA topography [Frey et al., 2002] and circular thin-
crust areas (CTAs) identified in crustal thickness maps
[Neumann et al., 2004] have been associated with both
exposed and buried impact structures [Frey et al., 2007;
Frey, 2008]. The combined population of QCDs and CTAs

provides the best estimate available of the N(300) crater
retention ages (CRAs) for large Martian basins [Frey, 2008].
N(x) is the cumulative number of superimposed craters of
diameter > x km per 106 km2. CRAs of the large basins
show a strong clustering between N(300) = 2.5 and 4.0 (or
4.1 and 4.2 Gyr in model age [Hartmann and Neukum,
2001]), implying a ‘‘peak’’ in crater production that may
correspond to the Late Heavy Bombardment [Gomes et al.,
2005]. However, a recent study [Arkani-Hamed, 2009]
notes that many of the giant impacts trace great circles that
may correspond to paleoequators [Arkani-Hamed, 2001],
and suggests that the impactors were initially retrograde
satellites whose orbits decayed.
[8] We take from Frey [2008] the times, locations and

sizes of the 20 largest impacts. These are summarized in
Table 1 and in Figure 1. We have chosen the ‘‘primary’’
diameter Dbasin for all multiring basins, defined by Frey

Figure 1. (a) Orthographic maps of crustal magnetic field magnitude at 185 km altitude (denoted B185;
note logarithmic scale) overlaid on shaded MOLA topography, adapted from Lillis et al. [2008a]. The 20
largest basins identified in topographic and crustal thickness data are shown as white and yellow circles,
respectively. Each ring in multiringed basins is shown. Demagnetized and magnetized basins are
identified with blue and red lettering, respectively. (b) The 90th percentile of the distribution of 0.5! "
0.5! pixels of B185 inside 0.5 basin radii is plotted against absolute model ages [Hartmann and Neukum,
2001; Frey, 2008] for all identified basins except North Tharsis (thermally demagnetized). The five
largest basins are also marked with green triangles. Note that the youngest basins (i.e., North Polar,
Utopia, Hellas, Argyre, and Isidis) are the least magnetized.
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[2008] as the clearest circular topographic feature, and
therefore the most likely to reflect the transient cavity
diameter Dtr immediately after impact before gravity-driven
relaxation. We note that there remains some uncertainty in
the Dbasin/Dtr scaling [McKinnon et al., 2003], particularly
for large basins. This leads to uncertainty about the impactor
size and the amount of heating deposited in the mantle.
Melosh [2008] points out that the energy required to open a
very large crater against gravity consumes a large fraction of
the total available energy, and therefore scaling relations
predict the ratio between Dbasin and projectile size (and
therefore Dtr) decreases with increasing crater size. Addi-
tionally, recent hydrocode simulations indicate that large
basins collapse less than most predictions (L. E. Senft and
S. Stewart, Transiently weak faults drive impact crater
collapse, submitted to Nature, 2008). For these reasons,
we use the scaling of Holsapple [1993] with a relatively
weak exponential dependence (S. Stewart, personal com-
munication, 2008) in our models. The final and transient
cavity diameters are related by

Dbasin ¼ 1:02D$0:086
c D1:086

tr ; ð1Þ

where Dc is the simple-to-complex transition diameter
[Holsapple, 1993], and is !7 km for Mars [Melosh, 1989].
Because of the aforementioned scaling uncertainty, we have
also run a case using the relation of McKinnon and Schenk
[1985], with a stronger exponential dependence of 1.13. We
have also explored the extreme situation where Dbasin = Dtr.
[9] We do not consider the effects of the putative Borealis

basin-forming impact that may have been responsible for
the hemispheric dichotomy [Andrews-Hanna et al., 2008;
Marinova et al., 2008; Nimmo et al., 2008]. The dichotomy
is far older [Nimmo and Tanaka, 2005] than the basins in
Table 1. The time between the dichotomy formation and the
first impact that we study (Amenthes) is several mantle-
crossing times, and we expect any lateral thermal anomalies
due to such an event to have been erased. The Borealis
impact, if it occurred, is therefore equivalent to a slightly
warmer initial condition in our models.

[10] Immediately after a large impact, magnetized crust is
excavated and the underlying material is shocked and
heated, removing magnetization over an area approximately
the size of the final basin diameter [Hood et al., 2003] and
throughout the entire depth of crust [Shahnas and Arkani-
Hamed, 2007]. When the crust within the basin cools below
the Curie temperature(s) of its magnetic mineral(s), it
acquires a thermoremanent magnetization proportional to
the strength of the ambient magnetic field [O’Reilly, 1984].
For the basins 1000 km in diameter and greater which we
examine, the crustal magnetic field at 185 km (B185) [Lillis
et al., 2008b] serves as an reliable proxy for magnetization
within the basin [Lillis et al., 2008a], as shown in Figure 1.
Note that B185 over the five youngest basins is at least an
order of magnitude weaker than that over the older basins.
Accounting for basin age uncertainty, this suggests that the
dynamo-driven global magnetic field most likely ceased
sometime between the Acidalia and Utopia impacts.

3. Impact Heating

[11] An impact sufficiently large to create and demagne-
tize the observed impact basins (see Figure 1) will introduce
a substantial amount of heat into the interior of the planet.
Neglecting the effects of planetary curvature, the basin and
impactor diameters are related by

Dimp ¼ 0:69D1:27
tr g0:28v$0:56

i ; ð2Þ

where g is the gravity and vi is the impact velocity [Melosh,
1989], assuming the same density for both bodies. A
significant fraction of the impactor’s kinetic energy will be
converted to thermal energy, raising the temperature of the
surrounding mantle and melting a sizable region.
[12] We follow the method of Watters et al. [2009], in

which the mantle is heated by a shock wave emanating from
the impact location at a depth dc = 0.305Rvi

0.361, where R is
the impactor radius and vi is in km/s. Heating is uniform
within an isobaric core with radius rc = 0.451Rvi

0.211 and

Table 1. Noachian Giant Impact Basins on Mars

Name Abbreviation Long. (!E) Lat. (!N) D (km) N(300) Model Age (Ga)

Amenthes Am 110.6 $0.9 1070 6.68 4.218
Zephyria Ze 164.3 $12.4 1193 6.27 4.210
Daedalia Da 228.3 $26.5 2639 5.70 4.199
Sirenum Si 205.3 $67.4 1069 5.57 4.196
SW Daedalia SW 213.9 $29.4 1278 4.68 4.176
Ares Ar 343.9 4.0 3300 4.33 4.167
Amazonis Az 187.9 27.1 2873 3.86 4.154
In Amazonis IA 192.5 29.3 1156 3.81 4.152
Solis So 275.3 $23.8 1663 3.68 4.148
N Tharsis NT 243.6 17.6 1347 3.51 4.143
Chryse Cr 318.0 25.0 1725 3.42 4.140
Hematite Hm 357.8 3.2 1065 3.37 4.138
Scopolus Sc 81.8 6.9 2250 3.24 4.133
SE Elysium SE 170.3 3.7 1403 3.24 4.133
Acidalia Ac 342.7 59.8 3087 3.21 4.132
North Polar NP 195.2 80.0 1600 2.99 4.124
Utopia Ut 115.5 45.0 3380 2.68 4.111
Hellas He 66.4 $42.3 2070 1.78 4.065
Argyre Ag 317.5 $49.0 1315 1.47 4.043
Isidis Is 87.8 13.4 1352 0.17 3.810
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decays rapidly outside this region. For vi = 15 km/s as used
in this study, dc ' rc. We parameterize the impact heating as
a temperature perturbation DT in the mantle [Reese et al.,
2002; Monteux et al., 2007; Watters et al., 2009], as a
function of the shock pressure Ps:

DT Psð Þ ¼ Ps

2r0S
1$ f $1
! "

$ C=Sð Þ2 f $ ln f $ 1ð Þ ð3Þ

f ¼ $ 2SPs

C2r0
1$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4SPs

C2r0
þ 1

s
 !$1

ð4Þ

where r0 is the background mantle density, and C and S are
constants based on the mantle material properties, assuming
a Tillotson equation of state [Melosh, 1989; Watters et al.,
2009]. See Table 2 for parameter values. The shock pressure
is defined [Watters et al., 2009] as

Ps rð Þ ¼ r0 C þ Sucð Þuc r ) rc;
Ps rcð Þ rc=rð Þ$1:84þ2:61 log vi r > rc:

$

ð5Þ

where the particle velocity uc = vi/2, when the target and
impactor have the same density as assumed here. This
temperature increase may result in a melt region several
times the size of the isobaric core. However, convection is
very efficient in a liquid, and the magma pond will solidify
quickly compared to the dynamical time scale of the solid
mantle. Therefore, again following Watters et al. [2009], we
set the temperature in the mantle to the solidus temperature
Tsol at all points where T + DT exceeds this value. We
parameterize the solidus as

Tsol ¼ 1374K þ 130KGPa$1P $ 5:6KGPa$2P2; ð6Þ

where P is the lithostatic pressure [Reese et al., 2002].
[13] Because we assume the magma pond solidifies

quickly, we do not include the latent heat of fusion in our
heating model, and assume that it escapes to space. In
reality, partial melt may persist for longer times [Watters
et al., 2009], resulting in a slow release of latent heat into
the mantle. Therefore our results are a lower bound on the
magnitude of the thermal perturbation resulting from
impacts. We also assume the magma pond does not deform
substantially. On sufficiently long time scales, the topogra-
phy at the base of the melt region may relax, allowing the

buoyant magma to spread out into a global ocean [Tonks
and Melosh, 1992; Reese and Solomatov, 2006]. However,
this time scale is controlled by the viscosity of the surround-
ing mantle and is long compared to the circulation time of
the magma. Furthermore, deformation of the melt zone
could not have happened to a very large extent or the
impact basin would have been erased.

4. Convection Modeling

[14] We model thermal convection in the Martian mantle
using the three-dimensional spherical finite element con-
vection code CitcomS [Zhong et al., 2000; Tan et al., 2006].
Our model domain contains 1.8 million elements. We use a
temperature- and pressure-dependent viscosity, and apply
isothermal and free-slip boundary conditions at the surface
and core-mantle boundary (CMB). Secular cooling of the
core is included on the basis of the CMB heat flow; thus the
CMB temperature drops over time. We assume an initially
convecting mantle with an adiabatic interior and apply a
small spherical harmonic degree 20 perturbation to the
temperature field. We use the extended Boussinesq approx-
imation [Christensen and Yuen, 1985] and included internal
heating from radioactive decay [Wanke and Dreibus, 1994].
At the times indicated by the impact age model described
above (and Table 1 of Frey [2008]), we apply an instanta-
neous temperature increase DT, whose spatial distribution is
defined by equation (3), centered on the location of the
corresponding impact at depth dc. Values for model param-
eters are given in Table 2.
[15] We have run a series of models in which we vary the

convective vigor (parameterized by the Rayleigh number
Ra) and radioactive heating rate Q0. Each model was run for
!3 Ga, until well after the last large impact (Isidis) had
occurred. In order to examine the effect the impacts have on
the thermal evolution, we also ran a control case for each set
of parameters in which the impact heating was not included.
Model parameters specific to each case are given in Table 3.

5. Results

[16] The global surface and core-mantle boundary (CMB)
heat flow for four pairs of models are plotted in Figures 2a–
2d. While every impact causes a spike in surface heat flow,
only the very largest impactors (D > 2500 km) create a
noticeable perturbation at the CMB. Only this group of
‘‘supergiant’’ impactors generate heated regions that are
large enough to intersect or approach the CMB (see, e.g.,
Figures 6b and 7). The thermal perturbation dies off very
quickly with distance from the isobaric core. Heating of the
shallower mantle by the smaller impacts is not sufficient to
dampen the global CMB heat flow significantly. The excess
heat is advected to the surface and lost to space faster than
the thermal perturbation can extend its influence downward.
Supergiant impacts, however, can have a very strong impact
on the CMB heat flow, reducing it by up to 10% for case 2
(Figure 2c) and by 40% for case 6 (Figure 2d) because of
the lower background heat flux. These impacts have such a
large effect because they can impart very large temperature
changes at the bottom of the mantle, up to !200 K limited
only by the mantle solidus. Because the mantle is in the
stagnant lid regime, this is comparable to the temperature

Table 2. Global Parameters

Parameter Symbol Value

Reference density r0 3500 kg m$3

Gravitational acceleration g 3.7 m s$2

Coefficient of thermal expansion a 3 " 10$5 K$1

Surface temperature Tsurface 220 K
CMB temperature TCMB 2220 K
Planetary radius R0 3400 km
Coefficient of thermal diffusion k 10$6 m2 s$1

Impact velocity vi 15 km s$1

C 7.24 km s$1a

S 1.25a

Thermal conductivity k 4.2 W m$1K$1

aWatters et al. [2009].
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difference across the lower thermal boundary layer [Jellinek
et al., 2002], and thus has a large effect on the global CMB
heat flow, even when only a portion of the deep mantle is
substantially heated. Spatial variations in the heat flow due
to an impact are also quite large. In Figure 3, we plot the

standard deviation of the heat flow for case 2. This is low
during quiescent periods, but spikes whenever an impact
occurs. Buoyancy resulting from the impact heating also
drives very strong increases in velocity (Figure 4), as the
warm material rises through the mantle.

Figure 2. (a and b) Total global heat flow at the surface and (c and d) CMB versus time for cases 1–4
with Ra = 3.05*107 (Figures 2a and 2c) and cases 5–8 with Ra = 6.1*106 (Figures 2b and 2d). Each
impact causes a strong perturbation to the surface heat flow. Relatively little heat is deposited at large
depths. Only impactors forming basins >2500 km in diameter cause a significant drop in the CMB heat
flux, but these drops can be large (>10–40%).

Table 3. Model-Specific Parameters

Case Ra Q0 (W m$3) Impacts? Scaling d FCMB,Ut (%)

1 3.05 " 107 6.2 " 10$8 no - —
2 3.05 " 107 6.2 " 10$8 yes Holsapple [1993] 9.2
2a 3.05 " 107 6.2 " 10$8 yes McKinnon and Schenk [1985] 2.0
2b 3.05 " 107 6.2 " 10$8 yes none 248
3 3.05 " 107 3.1 " 10$8 no - —
4 3.05 " 107 3.1 " 10$8 yes Holsapple [1993] 10.6
5 6.1 " 106 6.2 " 10$8 no - —
6 6.1 " 106 6.2 " 10$8 yes Holsapple [1993] 43.0
7 6.1 " 106 3.1 " 10$8 no - —
8 6.1 " 106 3.1 " 10$8 yes Holsapple [1993] 27.8
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[17] The results for all cases with impacts (Table 3), are
qualitatively similar to case 2. The heat flow is sharply
reduced at the CMB, provided the impact is large enough to
generate a significant temperature increase at that depth.
The decrease in CMB heat flow due to the mantle heating
outweighs any increase that may develop because of en-
hanced buoyancy caused by lateral temperature variations.
The buoyancy may become important during the recovery
period, when the CMB heat flow may temporarily attain a
slightly higher value than the corresponding control case.
Ra is an important control on the ability of the mantle to
recover the preimpact cooling rate. Case 6 is identical to
case 2 except for a factor of 5 reduction in Ra. Because
convection is more sluggish, it takes longer to remove the

impact heat and return the CMB heat flow to the preimpact
value. In Figure 5, we plot the difference in CMB heat flow
between cases 1 and 2 and between cases 5 and 6 for the
period of most intense bombardment, 4.2–4.1 Ga. In case 2
(thick line), the heat flow anomaly returns to 0 on a time
scale of !30 Ma, and may temporarily change sign because
of the buoyancy of the deep heated material. In case 6 (thin
line), the heat flow anomaly does not return to 0 before the
next giant impact, and the anomalies from successive
impacts accumulate. The fractional change in CMB heat
flow due to the Utopia impact, dFC,Ut for each case is given
in the last column of Table 3.
[18] In addition to the substantial effect on the heat flow,

impact heating can dominate the large-scale flow structure.
Figure 6 shows 6 snapshots of the mantle temperature
immediately before and up to 8 Ma after the Utopia impact
(see auxiliary material Animation S1).1 Figure 6a shows the
preexisting pattern of thermal upwellings in a vertical slice
through the center of Utopia. A temperature increase due to
the impact is introduced (Figure 6b). The impact-heated
region rises and spreads out beneath the lithosphere. The
plume head spreads out beneath the stagnant lid, presenting
a greater surface area to the cold lithosphere and begins to
cool (Figures 6c–6e). The nearby preexisting upwelling is
advected toward the deep warm impact-heated region,
shifting the overall convective pattern (Figure 6f). Instabil-
ities in the cold lid penetrate the cooling plume cap,
reducing the surface heat flow, but the anomaly takes
!30 Ma to fully dissipate.

Figure 3. Standard deviation of spatial variation of CMB
heat flow versus time for cases 1 and 2.

Figure 4. Horizontally averaged RMS velocity versus
depth before and after the Utopia impact for case 2.

Figure 5. CMB heat flow anomalies for cases 2 and 6
relative to their respective reference cases 1 and 5 for the
period of most intense bombardment. Impacts with D >
2500 km are marked; see Table 1 for abbreviations. The
more viscous mantle in case 6 cannot remove the impact
heating as effectively as in case 2 and takes longer to restore
the original heat flow.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008JE003287.
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[19] We have also explored the effect of the Dbasin $ Dtr

scaling law on the impact heating. We repeated case 2 using
the McKinnon and Schenk [1985] scaling and find that
owing to the smaller transient cavity, the effect on the heat
flow is reduced. This results in a Utopia anomaly of about
2%. This is still technically sufficient to shut off a subcrit-
ical dynamo, but requires a narrow range for the preimpact
heat flow. In the case where the transient and final basin
diameters are equal, we find much stronger impact heating.
In this situation, the largest (D > 3000 km) impacts may
cause the global heat flow to change sign, heating the core
from above, which should be sufficient to at least tempo-
rarily shut off even a supercritical dynamo. This difference
in heating is illustrated in Figure 7, in which the temperature
profiles due to the Utopia impacts is shown for the different
scaling laws for case 2, as well as the global CMB heat flow
for all scaling relations for the period of most intense
bombardment (4.2–4.1 Ga).

6. Discussion and Conclusions

[20] We find that mantle heating due to largest impacts that
form basins with diameters greater than 2500 km on early

Mars can substantially reduce the CMB heat flow. This
reduction in the efficiency of core cooling may have pro-
found effects on the dynamo-driven magnetic field. The
ancient global magnetic field on Mars (as on Earth) was
likely generated by convection in the fluid core, although a
recent study [Arkani-Hamed, 2009] suggests it may have
been powered by tidal excitation of retrograde satellites. The
vigor of core convection is largely controlled by the heat flow
at the CMB. Nimmo and Stevenson [2000] estimate that
!0.5 TW is required in order to sustain core convection.
Once the heat flow becomes unfavorable, the magnetic field
can dissipate effusively in a geologically rapid time of !5–
20 ka (calculated using arguments from Stevenson [2003]),
which is short compared to the duration of the spikes in heat
flow (Figure 2). Although the CMB heat flow tends to return
to its background value postimpact within!30Ma (Figure 2),
the magnetic field will not necessarily recover to the original
strength. Below, we present two scenarios in which giant
impacts lead to the cessation of the Martian dynamo.

6.1. Subcritical Dynamo

[21] Recent simulations of the Martian dynamo indicate
that it may have been in a subcritical regime early in

Figure 6. Evolution of nondimensional temperature field due to Utopia impact in case 2. Shown are
cross sections through the impact site. (a) Preexisting upwellings. Ut $ 1.9 Ma. (b) Addition of thermal
perturbation due to impact heating. Ut $ 0. Impact heated material rises and spreads out beneath
lithosphere. As plume cap cools, instabilities form in cold lid. Downwellings form. (c) Ut + 0.3Ma. (d) Ut
+ 1.7 Ma. (e) Ut + 4.2 Ma. (f) Plume head fades; surface heat flow drops. Ut + 7.8 Ma.
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Martian history [Kuang et al., 2008]. A subcritical dynamo
occurs in a fluid iron core that has insufficient thermal
forcing to initiate convecting and generate a magnetic field
on its own, but can sustain convection in the presence of a
preexisting magnetic field. When no magnetic field is
present, the Coriolis force must be balanced by viscous
shear, and convection is suppressed. When a magnetic field
is present, the Lorentz forces counter the Coriolis deflec-
tions, reducing the critical Rayleigh number Rac for con-
vection. Thus an existing magnetic field allows convection
and the field itself to be sustained with weaker thermal
forcing than is required to initiate such convection in the
absence of such a field [Eltayeb and Roberts, 1970]. Kuang
et al. [2008] parameterize the vigor of core convection in
terms of the Ra of the core, and find that this subcritical
regime is quite narrow. The magnetic field strength is
relatively insensitive to Ra above some subcritical value,

but drops off sharply below this value. If the dynamo is in
the subcritical regime, a decrease in CMB heat flow of as
little as 1% can shut down the global magnetic field [Kuang
et al., 2008]. In order to restart the dynamo, the core
dynamo must become supercritical, requiring an increase
in heat flow of !25% above the minimum needed to sustain
the subcritical dynamo. Thus, if the dynamo fails once, it
may not return even if the original core cooling rate is
restored.
[22] Utopia is the largest and the oldest demagnetized

basin, and thus may have been the impact to cause the
critical decrease in CMB heat flow. Why the older, compa-
rably sized Ares or Acidalia impacts did not cause the death
of the dynamo is uncertain. The time needed to dissipate the
heat from each impact is greater than the interval between
impacts, particularly for cases with low Ra. Another control
on the core cooling rate is the initial temperature. It is

Figure 7. Nondimensional temperature field immediately after Utopia impact in case 2 for three
different scaling laws. (a) Holsapple [1993]. (b) McKinnon and Schenk [1985]. (c) No scaling, Dbasin =
Dtr. (d) CMB heat flow versus time for the period of most intense bombardment for case 1 and case 2
using three different scaling laws for Dbasin/Dtr.
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possible that Ares and Acidalia did temporarily stop the
dynamo, but that the dynamo was not subcritical at the time
of these impacts and was able to restart once the background
cooling was restored. If the core was initially very hot
[Williams and Nimmo, 2004], the secular cooling may have
carried the background heat flow below some critical value
by the time of the Utopia impact, and the consequent
subcritical dynamo was thus susceptible to being perma-
nently shut down by the impact heating. This scenario relies
on a rather specific set of initial conditions to make the
dynamo subcritical at the time of Utopia. It is likely that the
dynamo would have eventually shut down on its own (as in
the work of Nimmo and Stevenson [2000]), and that the
impact merely hastened it somewhat. However, such restric-
tions on the dynamo’s criticality may not be necessary.
Below, we present an alternative.

6.2. Supercritical Dynamo

[23] We note that the magnetization strength of the five
supergiant impact basins (D > 2500 km) monotonically
decreases with time (Figure 1b). For example, Daedalia has
the strongest magnetization of the five, and Utopia has the
weakest. This progression suggests an alternate scenario in
which the dynamo need not be in the subcritical regime in
order to be stopped by supergiant impacts.
[24] The heat flow drops seen in our models are quite

significant (>40% in some models). This is in excess of the
relatively narrow range that corresponds to a subcritical
dynamo. Furthermore, the giant impacts generate strong
lateral variations in CMB heat flow (see Figure 3) that may
disrupt the preexisting core flow pattern and stop the
dynamo, even if the global CMB heat flow is still favorable
to convection [Olson and Christensen, 2002]. Thus, a single
supergiant impact may be able to stop a relatively weak, but
still supercritical dynamo. Although core convection will be
able to restart once the thermal pulse from the impact
dissipates, the magnetic field may not return to the original
strength. In this scenario, four supergiant impacts cause the
dynamo to fail and restart, ratcheting down the magnetic
field strength. Finally, the Utopia impact shuts down the
severely weakened dynamo and it is never able to recover.

6.3. Climate Change

[25] Mineralogy and stratigraphy observed with the
OMEGA instrument is consistent with a climatic shift from
wet to drier, more acidic conditions (the Phyllosian-Theiikian
transition) during the Noachian era [Bibring et al., 2006].
This shift happened prior to the Isidis impact [Mustard et al.,
2007] and may have occurred after the dynamo cessation
[Lillis et al., 2008b].
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