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Study of impact demagnetization at Mars using Monte Carlo
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[1] The magnetic field signatures of large demagnetized impact basins on Mars offer a
unique opportunity to study the magnetic properties of the crust and the processes of basin
formation and impact shock demagnetization. We present a framework for determining
the effects on such signatures due to the dominant direction, strength, thickness, and
vertical and horizontal coherence wavelengths of the surrounding crustal magnetization, as
well as the demagnetization radius and the width of the demagnetization gradient zone
caused by impact shock. By comparing model results with observed magnetic field profiles
at 185 km and 400 km over the five largest apparently demagnetized impact structures, we
find that (1) the dominant lateral size of coherently magnetized regions of crust falls in
the range ∼325 km to 600 km, (2) the magnetic field observed over a circular
demagnetized region is such that clear demagnetization signatures should only be visible
in magnetic field maps at 185 km and 400 km altitude for demagnetization diameters
larger than ∼600 km and ∼1000 km, respectively, (3) demagnetization radii can be
meaningfully constrained despite relatively poor constraints on associated demagnetization
gradient zone widths, (4) the ratio of demagnetization diameter to the outer topographic
ring diameter is close to 0.8 for the Isidis, Hellas, Argyre, and Utopia basins, suggesting
that similar basin‐forming and shock demagnetization processes occurred in each of
these four ancient impacts, and (5) if used in conjunction with impact simulations, such
modeling may lead to improved constraints on peak pressure contours and impact energies
for these basins.
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1. Introduction

[2] Mars today does not possess a global dynamo‐driven
magnetic field but, from evidence of strong crustal magne-
tization, such a field is almost certain to have existed in the
planet’s early history [Acuña et al., 1999]. The dynamo is
thought to have started immediately following accretion/
differentiation [Williams and Nimmo, 2004] prior to the
formation of most of the planetary crust, >4.3 Ga ago. This
hypothesis is consistent with recent lunar sample and
meteoritic work implying that dynamos within planetesimals

were common in the early solar system [Garrick‐Bethell
et al., 2009; Weiss et al., 2008, 2009].
[3] Large impacts on Mars, such as those responsible for

the Hellas and Argyre impact basins, alter the magnetization
of the entire depth of crust over a geographic area compa-
rable to the final size of the impact basin [Hood et al., 2003;
Shahnas and Arkani‐Hamed, 2007]. Excavation can remove
magnetized material and shock heating causes thermal
demagnetization within the basin [Mohit and Arkani‐Hamed,
2004]. As the crust cools immediately following the impact,
the melt sheet and any other crustal minerals heated above
their Curie point can acquire a new thermoremanent magne-
tization (TRM) with a magnitude proportional to the strength
of the local ambient magnetic field and the capability of the
rock to carry thermoremanence. In addition, shock from the
impact can add or remove net magnetization, depending
on this local magnetic field and prior magnetization state of
the crust. Unmagnetized materials can be magnetized in an
external magnetic field through shock remanent magneti-
zation (SRM) and existing magnetization can be reduced or
erased if the minerals are shocked in an ambient field too
weak to induce a sufficient SRM [Cisowski and Fuller,
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1978, Gattacceca et al., 2008]. Brecciation and fluid cir-
culation can combine to produce post‐impact hydrothermal
systems which can lead to the acquisition by crustal rocks of
chemical remanent magnetization (CRM), the strength of
which is controlled primarily by oxygen fugacity and cool-
ing speed [Grant, 1985]. It is important to note that essen-
tially all magnetization in Martian impact structures is TRM,
SRM or CRM, comprising what is commonly referred to as
natural remanent magnetization (NRM). This is in contrast
to the case of terrestrial impact structures where a substantial
component of magnetization induced by the geomagnetic
field can account for anywhere from ∼5% to >90% of total
magnetization [Ugalde et al., 2005]. Mars’ lack of a global
magnetic field, and hence inducedmagnetization, thus removes
a substantial complication from the interpretation of impact
basin magnetic signatures.
[4] It is also important to note that short‐wavelength, strong

NRM within an impact structure (compared with outside the
structure), as is observed for some terrestrial impact structures
such as Chicxulub [Rebolledo‐Vieyra, 2001] and Vredefort
[Carporzen et al., 2005], results in magnetic field lows
measured at high altitudes because magnetic fields from
shorter‐wavelength magnetization decay more rapidly than
longer‐wavelength magnetization. Indeed at Vredefort,

magnetic lows are seen at aeromagnetic altitudes of hundreds
of meters because the magnetization coherence length is as
small as centimeters [Carporzen et al., 2005].
[5] For any of the iron‐bearing minerals likely responsible

for Mars’ remanent magnetism, shock demagnetization
occurs out to larger distances from the impact point compared
with thermal demagnetization [e.g.,Mohit and Arkani‐Hamed,
2004]. The very weak crustal magnetic fields measured at
100 km–400 km above the large impact basins Hellas and
Argyre has for some time been taken as evidence that the
basins were shock demagnetized and hence that the dynamo
had likely ceased before the remaining impact‐heated crust
in the youngest of these basins had cooled below its Curie
point [e.g., Acuña et al., 1999; Arkani‐Hamed, 2004a]. This
hypothesis was strengthened by the crustal magnetic field
map at 185 km altitude from electron reflection (ER) mag-
netometry [Mitchell et al., 2007; Lillis et al., 2008a], which
also showed that the Utopia, Isidis and North Polar impact
basins (all greater than 1000 km in diameter) had similarly
very weak magnetic signatures. Figure 1 shows the magnetic
signatures of 4 of these basins at 185 km and 400 km in
orthographic projection. Crater retention studies revealed
these five basins to be the youngest of the large impact
basins [Frey, 2006, 2008], while the 14 oldest basins display

Figure 1. Orthographic maps of the crustal magnetic field magnitude at (a) 185 km and (b) 400 km alti-
tude used in this study (denoted B185 and B400; note logarithmic scale) overlaid on shaded MOLA topog-
raphy [Smith et al., 2001]. The B185 map was adapted from Lillis et al. [2008a]. B400 is taken from a new
low‐noise internal magnetic field model of Mars closely following the lunar work of co‐author Purucker
[2008] (see Appendix A). Impact basins >1000 km in diameter are shown as solid circles [Frey, 2008].
Each ring in multiringed basins is shown. Demagnetized and magnetized basins are identified with blue
and red lettering, respectively. The letters are abbreviations for the following basins: Hellas (He), Scopolus
(Sc), Isidis (Is), Utopia (Ut), North Polar (NP), Amenthes (Am), Zephyria (Ze), Southeast Elysium (SE),
Amazonis (Az).
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substantially stronger magnetic field signatures. This con-
sistency led Lillis et al. [2008b] to conclude that a substantial,
rapid decrease in Martian crustal magnetization occurred
around an absolute model age of 4.1 Ga (based on the lunar‐
derived Martian cratering chronology of Hartmann and
Neukum [2001]). They attributed the decrease to the end of
theMartian dynamo (see Figure 2 of Lillis et al. [2008b]). We
acknowledge the possibility that the low magnetic fields
measured over these 5 youngest large impact basins could be
due to a much smaller coherence wavelength of magneti-
zation inside the basins compared with the 14 oldest, con-
ceivably due to some temporal change in the aqueous
alteration environment on earlyMars [e.g.,Hood et al., 2010].
However, we consider this possibility to be unlikely due to the
inability of hydrothermal systems to cause mineral alteration
at depths of more than a few kilometers (because rock per-
meability exponentially decreases with depth), compared
with TRM and SRM which affect the entire ∼50 km depth
of magnetizable crust for impacts of this magnitude [Lillis
et al., 2008b].
[6] We wish to concentrate on the magnetic signatures of

these five younger basins, making the assumption that they
were formed in the post‐dynamo era, i.e., there was no
internally generated geomagnetic field to remagnetize the
post‐impact crust.
[7] Previous work on impact demagnetization at Mars

[Hood et al., 2003;Mohit and Arkani‐Hamed, 2004; Shahnas
and Arkani‐Hamed, 2007] has largely focused on estimating
the radial pressure contours from the final (present‐day) basin
diameter using various assumptions about the relationship
between the present‐day crater topography, the diameter of
the transient cavity formed immediately after the impact, the
impact conditions, and the pressure conditions in the crust
resulting from such an impact. From these comparisons, the
authors placed qualitative constraints on magnetic properties
of the crust, acknowledging the substantial uncertainty
introduced by 1) the paucity of reliable shock demagneti-
zation measurements of the primary candidate magnetic
minerals and 2) our current lack of knowledge of the
quantitative relationship between transient and final dia-
meters for large impact basins, and hence the conditions of
impact.
[8] Given these still‐existing uncertainties, in this paper,

we elect to not compare orbital magnetic field data with
estimated pressure contours as previous authors have done.
Instead, we address a third uncertainty – the relationship
between the measured magnetic field distribution above, and
the crustal magnetization in and around, demagnetized
impact basins ‐ by modeling the underlying magnetization
distribution statistically and calculating the resulting mag-
netic field magnitudes at orbital altitudes. We then quanti-
tatively compare these calculated fields to the ER crustal
magnetic field map of Lillis et al. [2008a] at 185 km and a
new low‐noise internal magnetic field map at 400 km (based
on the lunar work of Purucker [2008]), in order to fit for the
most likely crustal magnetization distribution (and hence
demagnetization pattern) within and near the giant impact
basins. This multiple altitude approach will allow us to place
important constraints on the characteristics of the crustal
magnetization distribution. In future, it may also allow us to
place meaningful constraints on parameters of the basin‐

forming impacts when better shock demagnetization data
becomes available for likely candidate minerals. Con-
versely, it could possibly allow some constraints upon the
magnetic properties of the remanence carriers when better
impact modeling allows us to more confidently associate a
set of pressure contours with a given Martian impact basin.
[9] Of course, the demagnetization signatures of these

giant basins may be far from pristine. Subsequent volca-
nism, smaller impacts and/or hydrothermal chemical alter-
ation (i.e., chemical remanent magnetization) in/near the
basins have undoubtedly modified the crustal magnetization
to produce what exists today [e.g., Stokking and Tauxe,
1987; Ogawa and Manga, 2007; Lillis et al., 2009]. How-
ever, examination of the magnetic maps lets us estimate
where other processes may have demagnetized crust in the
vicinity of basins and exclude such regions so that our
analysis is concentrated, insofar as possible, on the original
impact demagnetization signature.

2. Data Sets: Crustal Magnetic Field Magnitude
at Two Altitudes

2.1. ∣B∣ at 185 km From Electron Reflectometry

[10] We utilize two data sets for quantitative comparison
with the magnetization modeling. The first is the electron
reflection (ER) map of the field magnitude ∣B∣, due to
crustal sources only, at 185 km altitude above the Martian
datum, hereafter referred to as B185. It is derived from pitch
angle distributions of magnetically reflecting superthermal
solar wind electrons [Mitchell et al., 2007; Lillis et al.,
2008a]. It has a regionally dependent detection threshold
for crustal fields of ∼1–4 nT, allowing us to examine the
magnetic signatures of impact craters in greater detail than
was previously possible. Uncertainties in B185 are well fitted
by the following expression from Lillis et al. [2008a]:

DB185 ¼ 0:79
ffiffiffiffiffiffiffiffiffi
B185

p
ð1Þ

Figure 1a shows this map in orthographic projection for the
hemisphere of Mars centered on 110°E, 8°N.

2.2. ∣B∣ at 400 km From Internal‐External Field
Separation of Magnetic Field Measurements

[11] The second data set is an evaluation at 400 km of a
spherical harmonic representation of the internal magnetic
field of Mars using a correlative technique on the seven
years (1999–2006) of mapping orbit magnetic field ob-
servations from Mars Global Surveyor (MGS). This internal
dipole model exploits MGS’s 88‐orbit repeat geometry and
incorporates radial and North‐South vector component data
from immediately adjacent passes. Field components of
internal and external origin are separated using techniques
developed for analysis of Lunar Prospector magnetic field
observations by Purucker [2008]. We shall refer to values
from this 400 km‐altitude map as B400. Its main advantage
over other internal magnetic field representations at 400 km
is its appreciably lower level of external field contamination.
Details of the technique, as well as uncertainties in the map,
are provided in Appendix A. Figure 1b shows B400 in
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