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Introduction: Present-day Mars does not possess 

an active core dynamo and associated global magnetic 
field. However, the discovery of intensely magnetized 
crust in Mars’ Southern hemisphere [1] implies that a 
Martian dynamo has existed in the past [2,3]. Resolv-
ing the history of the Martian core dynamo is impor-
tant for understanding the evolution of the planet’s 
interior. Moreover, because the global magnetic field 
provided by an active dynamo can shield the atmos-
phere from erosion by the solar wind[4], it may have 
influenced past Martian climate. 

Crater retention ages of basins.  Martian impact 
structures can be identified in four different ways: im-
agery, topography, crustal thickness and radar sound-
ing. Quasicircular depressions (QCDs) identified in 
MOLA topography and imagery have been associated 
with impact structures [5]. Crater retention ages 
(CRAs), denoted N(200) (i.e. # craters >200 km per 
million km2), have been used to show that both the 
northern lowlands and southern highlands are older 
than their visible surfaces would suggest [5], to deduce 
an impact chronology for the largest ancient impacts 
[6] and to bracket the time in Martian history before 
which basins retained post-impact magnetization and 
after which they largely did not [7, 8]. 

Radar sounding promises to be very useful in iden-
tifying impact structures [9], but an insufficient num-
ber of such structures have us been published to sig-
nificantly affect the aforementioned impact chronol-
ogy. 

Recently, crustal thickness model maps of Mars de-
rived from combining gravity and topography [10] 
have been used to identify, as circular thin-crust areas 
(CTAs), many more likely buried impact structures 
>300 km in diameter [11].  This additional population 
allows N(300) to be calculated for all large ancient 
Martian basins >1000 km.  From this we deduce a re-
vised impact chronology, revealing a possible 'spike' in 
basin formation substantially before the large visible 
impacts which formed Hellas, Argyre and Isidis. Un-
certainties in crater retention ages are calculated using 
simple counting statistics, i.e. ΔN = sqrt(N) where N is 
the number of superimpose craters on a given plane-
tary surface.  Details may be found in the companion 
abstract Frey et al. [12]. 

  Magnetic consequences of impacts: A large me-
teorite impact can alter the magnetization of the entire 
depth of crust over an area comparable to the final size 

of the impact basin [13, 14].  Excavation can remove 
magnetized material and heating can thermally demag-
netize some fraction of the basin. As the crust cools 
below the Curie points of the magnetic minerals it con-
tains, it can acquire thermoremanent magnetization 
(TRM) aligned with the direction of, and with a mag-
nitude positively dependent on the strength of, the lo-
cal ambient magnetic field.  Shock from the impact can 
add or remove net magnetization, depending on the 
ambient magnetic field and prior magnetization state 
of the crust.  E.g. unmagnetized minerals can be mag-
netized in an external magnetic field through shock 
remanent magnetization (SRM) and magnetized min-
erals can be demagnetized if shocked in a weak or 
nonexistent external field.  Magnetization acquired 
through SRM or TRM (or lack thereof) is preserved in 
the crust and can be detected by spacecraft measure-
ments, such as electron reflection magnetometry, 
summarized below. 

Electron Reflection (ER) Magnetometry is based 
on the magnetic mirror effect, that is, the reflection of 
charged particles from regions of increased magnetic 
field strength. By comparing the pitch angle distribu-
tion of electrons moving toward the planetary surface 
with the distribution of those electrons magnetically 
reflected from the surface, the increase in the magnetic 
field strength can be determined [15]. Here ~2.9 mil-
lion measurements of 90-400 eV electrons over 7 years 
have been combined to produce a map of the field 
magnitude |B|, due to crustal sources only, at 195 km 
altitude, hereafter referred to as B195 (the mean alti-
tude at which the electrons' scattering depth reaches 
unity). It has an intrinsic resolution of ~200 km  and a 
global detection threshold for unambiguously crustal 
fields of ~3 nT [16]. It is shown in figure 1 with all 
QCDs >200 km and all CTAs >1000 km shown with 
white circles. 

Relating B195 to the magnetizing paleofield. 
Simple calculations show that, assuming the crust is 
completely demagnetized within the basin radius, only 
basins larger than ~400 km will likely display a detect-
able demagnetization signature at 195 km altitude. We 
will only examine basins >1000 km in diameter, so 
magnetic field should be a reliable proxy for magneti-
zation on basins scales. We further assume that rema-
nent coercivity and magnetic coherence scale do not 
vary globally by factors of more than several.  Thus, 
excluding areas where the magnetization has clearly 
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been subsequently altered by volcanic or impact proc-
esses, the crustal magnetic field magnitude B195 meas-
ured above a basin corresponds approximately to the 
strength of the magnetizing field at the time of SRM or 
TRM, taking allowance of differences in the thickness 
of the magnetized layer (which we can approximate 
from the aforementioned crustal thickness model).   

  Large basin magnetic signatures and inferred 
chronology.  We now consider the magnetic signa-
tures and CRAs of all 20 impact structures >1000 km 
in diameter.  Their names, positions, diameters, CRAs 
and mean and maximum values of B195 are given in 
table 1 and can thus be identified in figure 1.  We pre-
sent the mean value of B195 within the basin to repre-
sent the overall magnetization of the basin and the 
maximum value of B195 within 0.5 basin radii to pro-
vide an estimate of the magnetization following the 
impact in question that is relatively immune from the 
effects of subsequent localized impact or volcanic de-
magnetization (e.g. the Scopolus basin has been par-
tially demagnetized by the Isidis impact and to a lesser 
extent by volcanism at Syrtis Major). We discuss them 
in decreasing order of N(300). 

Basin East 
Lon° 

Lat 
° 

Diam 
km 

N(300) B195mean 
<1 
radius, 
nT 

B195max  
<0.5 radii
nT 

Amenthes 111  -1 1070 6.68 42.3 74.2 
Zephyria 164 -12 1193 6.27 62.6 94.4 
Daedalia 228 -27 2639 5.70 86.1 171.1 
Sirenum 205 -67 1069 5.57 91.3 165.7 
SW Daedalia 214 -29 1278 4.68 75.6 127.6 
Ares 344   4 3300 4.33 53.4 138.7 
Amazonis 188  27 2873 3.86 17.3 73.8 
In Amazonis 193  29 1156 3.81 11.8 31.6 
Solis 275 -24 1663 3.68 10.9 34.2 
N Tharsis 244  18 1347 3.51  0.8  2.8 
Chryse  318  25 1725 3.42 21.3 37.4 
Hematite 358   3 1065 3.37 44.7 59.0 
SE Elysium 4 170 1403 3.24 24.0 48.8 
Scopolus  82   7 2250 3.24 24.6 78.7 
Acidalia 343  60 3087 3.21 10.8 34.0 
North polar 195  80 1600 2.99  3.1  8.0 
Utopia 116  45 3380 2.68  1.0  4.6 
Hellas  66 -42 2070 1.78  4.0  6.3 
Argyre 318 -49 1315 1.47  3.8  6.2 
Isidis  88  13 1352 0.70  3.5  5.3 

Table 1: Basin position, CRA and ER magnetic 
data. 

Consider first the Amenthes , Zephyria, Daedalia, 
Sirenum, Southwest Daedalia and Ares basins.  They 
have the highest CRAs and all have strong magnetic 
signatures, consistent with formation while a global 
magnetic field was present. 

  Note how the Sirenum basin, while as strongly 
magnetic as the other basins, shows quite a clear de-
magnetization signature compared to the very strongly 
magnetized crust immediately surrounding it.  This is 
the only very large impact structure found in the re-
gions of strongest crustal magnetic field and suggests 

that this impact occurred after the emplacement of the 
most strongly magnetized Martian crust, but before the 
dynamo ceased operating. 

Next consider the two large basins in Amazonis 
Planitia.  The crust here is ~30 km thinner than for the 
six above-mentioned basins, so it is unsurprising that 
the magnetic signature is weaker.  However, there can 
be little doubt that the larger Amazonis impact oc-
curred while the dynamo was still operating.  The 
smaller Amazonis impact, at ~1100 km, appears de-
magnetized but has been overprinted by two 500-600 
km basins and also two ~300 km basins, giving it a 
CRA as large as the larger basin. It is unclear whether 
it is as old as the larger basin, forming in the presence 
of the dynamo and then largely demagnetized by sub-
sequent impacts after the dynamo ceased, or whether it 
formed after the dynamo and has been anomalously 
heavily overprinted by chance, giving it a higher CRA 
than expected. 

Consider next the two basins in Tharsis: Solis and 
North Tharsis. The bulk of the Tharsis rise has been 
thermally demagnetized, most likely by long-lived 
magmatism and underplating [17].  The same is true 
for any magnetic signature that might have existed for 
the North tharsis basin.  Hence, this basin is useless for 
constraining the interval of the Martian dynamo.  The 
northern half of the Solis basin has been similarly af-
fected, but the magnetized southern half doesn't show 
an unambiguous demagnetization signature, though 
stronger magnetization exists immediately to the East 
and West, possibly suggesting a situation similar to 
that implied above for the Sirenum basin.  Regardless, 
this is likely a dynamo-era basin. 

We now look at the Chryse, Hematite and Scopolus 
basins.  Significant impacts have subsequently demag-
netized substantial regions of both Scopolus and 
Chryse, but the overall magnetic signatures of these 
three basins are not consistent with impact demagneti-
zation in the absence of a global magnetic field.  

Acidalia cannot be unambiguously placed pre-or 
post-dynamo.  B195 is quite low in the basin center 
and there are substantial fields of up to 70 nT between 
the inner and outer rings.  On the other hand, sources 
as strong as 25 nT exist inside the basin and a substan-
tial fraction of the regions <3 nT could possibly be 
explained by the ~700 km subsequently-formed impact 
basin slightly northeast of center.  

If Acidalia formed in the dynamo era, it was likely 
the last of the giant basins to do so.  The five youngest 
basins (North polar, Utopia, Hellas, Argyre and Isidis)  
have crustal fields in their centers mostly below the 
limit of detection for the ER method.  The crust in 
these five basins is considerably thinner than their sur-
roundings and presumably somewhat less likely to 
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hold a significant volume of magnetized material, but 
crustal thickness models are uncertain by a constant 
offset, so the actual crustal thickness in, say, Hellas 
could be much larger than the ~10 km given by the 
model.  Further, the  demagnetization appears so com-
plete in these basins, particularly Utopia, that post-
dynamo formation seems the most likely explanation.  

 

 
Figure 2: the maximum value of B195 inside 0.5 
basin radii is plotted versus crater retention age 
N(300) for the 18 largest identified basins on Mars. 
Older basins are on the left, younger on the right.  
The horizontal error bars represent basin-counting 
errors.  The North tharsis basin is omitted due to 
the likely thermal erasure of any post-impact mag-
netization. 

 
Timeline for the Martian dynamo. While inspec-

tion of ER maps of the individual basins is clearly the 
best way to estimate the magnetization present after 
the basin cooled but before subsequent magnetic al-
teration, it is instructive to plot a 'timeline', showing 
the progression from magnetized basins to demagnet-
ized basins. This is shown in figure 2, omitting the 
North Tharsis basin because, as mentioned earlier, any 
post-impact magnetization it possessed has likely been 
removed.  Despite the significant uncertainties in the 
CRAs, there appears to be quite a clear and consistent 
separation in crater retention age between the mostly 
magnetized and mostly demagnetized basins.  If crater 
retention ages are indeed indicative of formation ages, 
these data suggest three epochs of detectable basin 
formation.  The six oldest basins formed in the south-
ern hemisphere in the presence of a substantial global 
magnetic field.  This is followed by a clustering of 
eight basins between N(300) ~3.0-4.0, all of which, 
taking crustal thickness into consideration, also likely 
formed in the presence of an active dynamo.  We then 
observe quite a sharp 'drop off' in inferred magnetiza-
tion for the five youngest basins.  Interestingly, the 
North polar and Utopia basins are of a very similar age 

to the eight basins in the cluster, within most of their 
uncertainties, yet have dramatically different magnetic 
signatures, suggesting a relatively rapid change in the 
ambient magnetic conditions around N(300) ~ 3.0 
which, when converted to Frey's adaptation of Hart-
mann and Neukum absolute model age [6, 19], corre-
sponds to the possible range 4.15-4.40 Gyr ago. Such 
absolute ages have large systematic uncertainties, up to 
a factor of two.  Nevertheless, if one assumes just one 
cessation of the Dynamo, these basins signatures sug-
gest at the dynamo could have stopped over a period as 
short as a few tens of millions of years or less.   

Conclusions/implications for early Mars.  There 
are a number of tentative conclusions we can draw 
from the magnetic signatures and CRAs of these ba-
sins. 
1) The most strongly magnetized crust in the south-

ern hemisphere was likely emplaced before the 
formation of any impact basin we can detect to-
day, as suggested by the incomplete demagneti-
zation signature of the very old Sirenum basin.   

2) The 5 clearly demagnetized basins all appear 
younger than the 14 magnetized basins, present-
ing a consistent picture of separate dynamo and 
post-dynamo epochs. 

3)  The clustering of 8 magnetized and 2 demagnet-
ized basins in a range of crater retention ages ap-
proximately equal to their uncertainties implies a 
either a rapid dynamo cessation (as suggested by 
Kuang et al. [18]) or a period of instability when 
the dynamo could have restarted briefly, perhaps 
several times, before ceasing permanently. 
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Figure 1: Electron reflection magnetic map of Mars in cylindrical projection and polar projection, showing 
all quasicircular depressions (QCDs) >200 km and all circular thin-crust areas (CTAs) >1000 km.  The loga-
rithmic color scale represents the crustal magnetic field magnitude 195 km above the Martian datum.  The 
lower limit of the color scale is the threshold for unambiguously crustal features while the scale saturates at 
its upper end. Black represents sectors with fewer than 5 measurements within a 100 km radius.  
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