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a b s t r a c t

The heavily-cratered southern hemisphere of Mars encompasses the planet’s strongest, most widespread
magnetization. Our study concentrates on this magnetized region in the southern hemisphere within 40�
of latitude 40�S, longitude 180�W. First we rotate the coordinates to position the center at �40�, 180� and
treat these new latitudes and longitudes as if they were Cartesian coordinates. Then, using an ordinary
two-dimensional Fourier analysis for downward continuation, the MGS (MAG/ER) magnetic field data
at satellite mapping elevation of �400 km are extrapolated to 100 km, sources are estimated and used
to model the fields. Quantitative comparison of the downward continued field with the aerobraking field
for bins having angular deviation within ±30� gives correlation of .947, .868, and .769 for the
Br ; Bh and BU components, respectively. This agreement of the fields may result from most of the power
in the magnetization resting in wavelengths �400 km, with comparatively little at �100 km. Over this
region, covering nearly an octant of the planet, just a dozen sources can account for 94% of the variance
of the magnetic field at the surface. In these models for the field an obvious asymmetry in polarity exists,
with majority of the sources being positive. The locations of strongest surface magnetization appear to be
near – but not actually within – ancient multi-ringed basins. We test the likelihood of this association by
comparing the observed sources found within and near basins for two alternative basin location scenarios
with random distributions. For both alternatives we find the observed distributions to be low-probability
occurrences. If contemporaneous, this would establish that Mars’ magnetic field extended to the time of
impacts causing these basins.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

1.1. Background

Currently Mars does not have a magnetic field, therefore its
remanent magnetism must be a relict of an earlier planetary field.
The intensity of Mars’ remanent magnetization reaching �10 times
that observed for the Earth requires both very strongly magnetic
rocks and magnetization through a large section of the crust, pos-
sibly to a depth of 30 km (Connerney et al., 1999). Magnetic disrup-
tion near large impact craters such as Hellas and Argyre establishes
that magnetization came before the impacts (Acuna et al., 1999;
Nimmo and Gilmore, 2001) in the Mars’ Noachian epoch �4 Ga.
Pressure-induced magnetic transition in pyrrhotite could demag-
netize the Martian crust for large impacts (Rochette et al., 2003).
Mitchell et al. (2007) observe that unlike Hellas and Argyre, mag-
netic sources circle Utopia just outside its topographic rim. They
consider the alternatives that either Utopia demagnetized an al-
ready magnetized region, or that the sources represent magnetiza-
tion of Utopia’s inner ring at the instant of impact. The latter they

note would establish the field as existing at the time of the Utopian
impact.

How did Mars’ crust become magnetized? Sleep (1994) first
proposed Martian plate tectonics, with spreading ridges and sub-
duction zones undergoing reorganization, but located in the north-
ern hemisphere – where only patchy magnetized regions were
later identified. The MGS magnetic mapping was initially inter-
preted in terms of lineations with reversals (Connerney et al.,
1999) on Mars. More recently, from offsets of the magnetic field
pattern in the Terra Meridiani region, Connerney et al. (2005) have
identified offsets which they attribute to transform faults; based
on the symmetry around an inferred ridge and the coherence of
the magnetic profiles, they argued for magnetic reversals and crus-
tal spreading analogous to Earth’s seafloor spreading (Connerney
et al., 2005). However, other interpretations of the magnetization
are possible. Cain et al. (2003) constructed a 90-degree and order
global spherical harmonic model of the scalar potential, cautioning
that choices for contouring and color strongly influence visual
appearance and interpretation of magnetic patterns. In a global
fit of the low-elevation, aerobraking data with a 50-degree spher-
ical harmonic analysis, downward continued to the surface, the
strong magnetization in the southern hemisphere was interpreted
with equi-dimensional sources rather than lineations (Arkani-
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Hamed, 2001b). Also, our earlier models (Fig. 4, Jurdy and Stefa-
nick, 2004) matched the scalar potential over nearly an eighth of
the planet using just 14 vertical dipoles with intense magnetiza-
tion. This model accounted for 64% of the variance; the resulting
field matched the observed field at 100 km, with a correlation coef-
ficient of 80%.

1.2. Motivation and dataset

Mars Global Surveyor (MGS) measured the most strongly mag-
netized crust in the heavily-cratered southern hemisphere of Mars.
We believe that the analysis of the region with the most continu-
ous, expansive, and intense magnetization offers the best opportu-
nity for unraveling the mechanism and timing of magnetization,
and the subsequent process of demagnetization. This could then
lead to an improved understanding of the scattered patches of
magnetized crust elsewhere on Mars. Thus, concentrating study
on this strongly magnetized region, we analyze the magnetic pat-
terns centered near 40�S, 180�, ranging ±40�, using a rotated Carte-
sian coordinate system.

Starting in 1999, the mapping phase of MGS followed the unex-
pected discovery of strongly magnetized crust that had been mea-
sured by the satellite at the elevation of �100 km during its 1997
aerobraking phase (Acuna et al., 1999). We use data from this map-
ping phase, MAG/ER magnetic measurements at altitudes of
404 ± 30 km conveniently averaged, decimated, sorted and binned
into 180 latitude and 360 longitude bins by degree, with estimates
of each component in a spherical coordinate system with r (radial),
/ (east–west), and h (north–south) components (Connerney et al.,
2001).

In our earlier paper (Jurdy and Stefanick, 2004) we extrapolated
the MGS (MAG/ER) magnetic field components and constructed
scalar potential from the mapping level down to the aerobraking
level. Visual comparison of the downward continued field with
the sparser, lower-elevation measurements suggested very good
agreement. Here we quantitatively compare the fields to deter-
mine the correlation. Also, we seek to establish if the lower-eleva-
tion, pre-mapping data might contain additional information. Our
ongoing investigation (Espley et al., 2007) of the North polar re-
gion, with more complete low elevation coverage, will facilitate di-
rect comparison with the downward continued mapping field for
development of the optimal algorithms for general use with Mars
magnetic data.

Previously, we modeled the scalar potential for the magnetic
field in the southern hemisphere region of interest (Jurdy and
Stefanick, 2004). This paper continues our previous work, which
we will refer to rather than duplicate definitions and arguments.
Also, we include some technical points about our Fourier analysis
and downward continuation not detailed in our earlier paper,
which might be useful to others. Comparison of the field will be
made to surface features, such as major faults and ringed basins
– the sites of ancient impacts – to further constrain the time of
magnetization.

2. Analysis

2.1. Co-ordinate transformation and Fourier analysis

The MGS magnetic data available had been gridded globally in
spherical coordinates, as previously discussed. For our analysis
we use the subset of data within ±40� of 40�S, 180�: at center lat-
itude 40�S, longitudes range from 140� to 220�; at center longitude
180�, latitudes range from 0� to �80�. We then rotated coordinates
with the center of our spherical coordinates located at 40�S, 180� in
the original coordinates. This was done in such a way that our lon-

gitudes ranged from 140� to 220� and latitudes from �40� to +40�.
Finally, we approximated, or pretended, that these coordinates
could be treated as Cartesian coordinates. This allows the use of
an ordinary two-dimensional Fourier analysis for downward con-
tinuation. The region studied, 40�S ± 40�, 180�W ± 40�, covers
nearly an octant of Mars and encompasses the most strongly mag-
netized crust. Again, we emphasize that we use this approximation
with the Cartesian variables, x; y; z rather than the usual spherical
variables, /; h; r. Although the approximation neglects the curva-
ture of the surface and may appear coarse, we argue that this pro-
vides an excellent representation of Mars’ magnetic field over a
limited area.

We have made our analysis using a rotated coordinate system,
then restricted ourselves to a curved rectangle bounded by longi-
tudes ±40� and then pretended that latitude and longitude were
Cartesian coordinates. This simplified the problem, but serves only
an approximation. How bad is the approximation and where is the
error? One approach to assess the error is that we are approximat-
ing sin h to be ’ h, where h is the latitude as measured from the
center of the rotated coordinate system (and so cos h ’ 1). Then
the relative error as a function of latitude, h, would be:
ðh� sin hÞ= sin h ’ h2=6. (The angles for latitude are of course in
radians.) At the center, latitude of 0� the error is 0%, and at 20�
the error is 2.05%, whereas at 40�, the periphery of the projection
we use, the error reaches 8.55% This seems acceptable, as we
would not focus upon effects ±40�, but rather re-rotate the coordi-
nates to center upon the region of interest. Another way to con-
sider the errors would be to begin at the center (0�,0�) and to
move away in various directions and see how errors accumulate.

In our earlier analysis, we showed this Cartesian representation
serves as a good approximation (Jurdy and Stefanick, 2004). Starting
with the vertical component of the magnetic field, Bz, we constructed
a unique scalar potential, V, and independently obtained Bx and By,
the horizontal components of the field, from the derivatives of that
scalar potential. These derived components matched the observed
horizontal components (cf. Figs. 1 and 3; Jurdy and Stefanick,
2004). Besides testing our co-ordinate transformation, this indepen-
dently confirmed the internal consistency of the MGS magnetic
dataset. Had an error existed in any one of the magnetic field compo-
nents, a consistent scalar potential with these properties could not
be constructed. In addition, that the downward continuation of the
MGS mapping-phase data at �400 km very closely matched the
independent measurements at �100 km of the aerobraking phase
(Fig. 2b, Jurdy and Stefanick, 2004) further demonstrated the validity
and utility of the Cartesian approximation. We utilize this approxi-
mation again here to model the magnetic patterns in the Martian
southern hemisphere.

Using Cartesian coordinates offers numerous advantages, fore-
most obviating the requirement of spherical harmonics for analysis.
Interpreting longitudes and latitudes as Cartesian coordinates, we
are able to use ordinary two-dimensional Fourier analysis for down-
ward continuation. Another advantage of this coordinate system is
the lack of distortion: the region mapped extends 40� in each direc-
tion about the center, ±40� of 40�S, 180�. The Mercator projection
preserves shape, but it grossly exaggerates the size of high latitude
objects – the Greenland versus Africa effect. Such high-latitude dis-
tortion would stretch equi-dimensional magnetic sources to appear
more linear, resembling stripes.

Here, and in our earlier paper, we have assumed that the fields
are all small near the boundaries and have continued them across
the boundaries as mirror images (see, e.g. Dahlquist and Bjorck,
1997, Section 9.4). The Fourier series will converge more rapidly,
and we can use pure sine series, which is much simpler to program
in two dimensions (see, e.g. Press et al., 1992, pp. 508–515). This
allows us to have one, instead of the four components required
for a general Fourier spectrum. The Fourier series are summed
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using a two dimensional Fejer window which nearly tapers from a
value of 1 at zero wavenumbers to a value of zero at the cutoff
wavenumbers (k = 36 in our case). This reduces the Gibbs’ phe-
nomenon which would result from abruptly truncating at the cut
off wavenumber (see e.g. Carslaw, 1930, especially Chapter 7;
Klein, 1925, pp. 190–200).

2.2. Downward extrapolation

Downward continuation or vertical extrapolation allows
extrapolation of the magnetic field from MGS satellite mapping le-
vel at elevation �400 km to the aerobraking level at elevation
�100 km and to Mars’ surface as well as beneath. The vertical
extrapolation assumes that the fields all obey Laplace’s equation
in three dimensions and also assumes that sources are below the
planet’s surface. The Fourier amplitude, bBzðkÞ, increases with
extrapolation by an exponential factor and becomes

bBzðkÞ expðjkjz0Þ ð1Þ

where k ¼ ðkx; kyÞ is the wavenumber vector and jkj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x þ k2
y

q
the

vertical distance of the extrapolation (Kanasewich, 1981, pp. 54–57).
The role of noise and its minimization must be carefully consid-

ered in downward continuation. When Fourier analyzed, the verti-
cal component of the magnetic field, Bz, shows an exponential
decrease in amplitude which would be expected from sources at
or near the surface. As we extrapolate the field downward, the
noise component quickly increases (Claerbout, 1976, pp. 66–88).
Even for a modest extrapolation from 400 to 270 km shown in
Fig. 1, we can see for the one-dimensional case at the 180� merid-
ian that noise grows exponentially at higher wavenumbers. The
amplification of the noise components and the minimum in the
spectrum near k = 25–30 are evident. Thus, the Fourier compo-
nents beyond k ¼ 25 (wavelength 360 km) must be dropped. In
our analysis we have used a simple truncation at k ¼ 25. We found
this to be effective (Fig. 1, Jurdy and Stefanick, 2003). Because a
transition exists between wavenumbers 20 and 30, one might
use signal and noise estimates to create a Wiener optimal filter
(Press et al., 1992, pp. 539–542) which would make a gentle tran-

sition from signal to noise. However, we did not use an optimal fil-
ter. This will be part of our future investigations.

2.2.1. Comparison of MGS aerobraking and mapping-level data
Visual comparison of the downward-continued field with the

more sparse aerobraking-level field (Acuna et al., 1999), though
qualitative, suggested excellent agreement (Jurdy and Stefanick,
2004). In this section we present a quantitative comparison of
the downward-continued data with the lower-level measurements
made during the aerobraking phase. First, of particular interest,
will be the comparison of the magnitudes of the downward contin-
ued field with the actual 100 km measurements. Second, of con-
cern is whether locations of strongly magnetized regions for the
downward continued field coincide with those of lower-level mea-
surements. Also, here we take a ‘‘spy plane” approach to establish
whether the satellite at aerobraking level might have detected any
smaller patches of short-wavelength magnetization that would
have eluded the higher-elevation mapping. However, the aero-
braking data are noisy and also we are sampling at low resolution.

Though closer to the surface, Mars Global Surveyor’s sparse aer-
obraking measurements contain significant noise. We used the
dataset gridded into latitude and longitude boxes with elevations
80–190 km, 12 levels in all (Acuna et al., 1999). In processing this
dataset, for each 2� box in the region within 40� of the point at lat-
itude 40�S, longitude 180�W, all contributing measurements are
used to form the magnitude of the magnetic vector, B:

jBj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

r þ B2
h þ B2

U

q
ð2Þ

The magnetic vectors jump around as we move from bin to bin, i.e.
the field is noisy. For each grid point, p0, we test the measurements
by calculating the mean and standard deviation for points, p, within
a 5� � 5� grid surrounding (the resolution of our Fourier analysis).
We then reject the point, p0, if the ratio of the standard deviation,
r, to the mean l, for n measurements exceeds a specified value.
The mean is defined:

l ¼
P

BðpÞj j
np

for jp� p0j 6 2 ð3Þ

and the standard deviation determined for each component:

r2 ¼
P
jBðpÞ � BðpoÞj

2

np
ð4Þ

The angle, a, between the mean and the standard deviation is:

sina ¼ r
l

ð5Þ

To minimize the noise we set some constraints. First, magnetic
vectors were computed only for those grid points having five or
more contributing measurements from the aerobraking data col-
lected in 10 km altitude bins, from 80 to 190 km. Examining the
individual aerobraking data values in 2� � 2� bins, we find that in
most cases the standard deviation exceeded the mean value, i.e.
the individual magnetic vectors were pointing in ‘‘all” directions
and were thus inconsistent. For this reason we restricted ourselves
to the bins where the angular deviations were within ±30� of the
mean. Thus, we require that jBjP 50 nt, and that the error
6 50%BL, that is a 6 30�, the difference between the vectors.
Allowing a 6 45� would include vectors 90� apart which seems
too large, so we have chosen 30�. These conditions to maximize
the signal limit analysis to only 90 grid points with sufficient data
coverage available and low enough noise to allow comparison in
this 40� region.

Downward-continuation of the mapping-level field to 100 km
provides a continuous representation there, spanning the few aer-
obraking passes available in the region of interest. We compare the

Fig. 1. The Fourier spectrum of the vertical component of the magnetic field, Bz ,
extending 40� along the 180� meridian (bold) and its downward extrapolation to
about 270 km (dashed). This samples the strongest magnetization in Mars’ southern
hemisphere. The amplification of the noise components and the minimum in the
spectrum near wavenumbers k = 25–30 are evident. The smooth curve shows a fit
to white noise extrapolated downward. Thus to eliminate noise, in our analysis we
truncated at wavenumber 25, corresponding to wavelength 360 km.
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downward continued value of Br ;Bh;BU (Fig. 2a–c) versus the corre-
sponding component of Ba, the aerobraking data, along with its
associated standard deviation, r. Correlation at the 90 grid points
yields a correlation coefficient of .947. Coefficients for the
Bh and BU components are .868 and .769, respectively, because of
smaller signal and comparable or greater noise than Br . The Br com-
ponent better reflects the surface magnetization because solar
wind more strongly contaminates the Bh and B/ components
(Nagy et al., 2004). Although increasing the required counts to 12
would yield an even higher correlation – reaching a coefficient of
.970, this would then result in about half as many allowable grid
points, only 45, for comparison. The very high correlation estab-
lishes that the magnitudes of the vector components of the down-
ward continued field closely match the aerobraking
measurements. Furthermore, the locations of strongly positive
and negatives values match well. Here we note differences in the

positive and negative polarities. In Fig. 2a, although there are about
the same number of positive as negative points, the positive ampli-
tudes of Br are noticeably larger than the negative ones: one-quar-
ter of the points have values less than �75 nT, whereas one-
quarter of the positive values exceed 142 nT.

Does this data set culled from the full aerobraking set yield any
additional information? The Br aerobraking values for those grid
points with errors and counts in required range do not hint at
the existence of any strongly positive or negative spots not also
evident on the downward continued set. Thus, for this region we
have established that most of the power in the magnetization rests
in wavelengths �400 km, and comparatively little at shorter wave-
lengths of �100 km.

We have performed a quantitative comparison of the down-
ward continued, mapping level magnetic data with measurements
made during the lower elevation aerobraking phase. This analysis

Fig. 2. (a) Downward-continued value of mapping-level data, Br , at 100 km compared at 90 selected grid locations with measurements at aerobraking elevations along with
their associated standard deviation, r. Aerobraking measurements from elevations 80–190 km, from data in 10 km altitude bins. Best fitting line shown with one standard
deviation. (b) Comparison for Bh , as in (a). (c) Comparison for BU , as in (a).
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quantitatively confirms our earlier visual assessment that the
downward continued field closely matched the low level measure-
ments. Both the locations of strong crustal magnetic field and the
magnitudes of the aerobraking and downward-continued fields
agree. Within these bins there was very good agreement with
the extrapolated field. For this particular area – the region with
the most strongly magnetized crust – little additional information
appears to be contained in the aerobraking data set. However, this
does not preclude the possibility that for other regions, ones with
weak crustal field, that low-altitude data may be useful.

3. Models, sources and deconvolution

Next we use the vertical components of the magnetic field to
find sources at a selected depth by means of a deconvolution and
then drop all source values below a chosen threshold. The vertical
component of the Fourier transform of the magnetic field is di-
rectly related to the transform of the scalar potential (Eq. (1), Jurdy
and Stefanick, 2004). And from the derivatives of that scalar poten-
tial the horizontal components of the field can be obtained. (The
units of the scalar potential are those of the field multiplied by
one linear dimension.) The resulting isolated sources are used to
construct a model field which can be compared with the original
field for goodness of fit. In our earlier paper we selected centers
by visual inspection, and then found depths and source magni-
tudes by fitting vertical dipoles that matched the scalar potential
field near the center. The results were subjective, and the model
fields looked artificial. Here we utilize deconvolution for a more
objective determination of the magnetic source which can be
viewed as vertical dipoles.

The deconvolution is performed by means of a transfer function
(Kanasewich, 1981, p. 80). The Fourier transform of the source field
will be the Fourier transform of the vertical component of the mag-
netic field multiplied by the transfer function. The transfer function
is found by dividing the Fourier transform of a point source at the
central grid point by the Fourier transform of the vertical compo-
nent of the magnetic field of a magnetic source centered at the
same central grid point and a chosen depth (e.g. 100 km).

For example, Fig. 3a shows the vertical component of the mag-
netic field, Bz, extrapolated down to 100 km and Fig. 3b shows the
modeled magnetic field. The model field accounts for about 80% of
the total variance, with a correlation coefficient 0.89. Fig. 3c shows
the sources used to construct the model. The values range from
�400 to �200 nT and from +200 to +400, i.e. values from �200
to +200 have been eliminated. Choosing the threshold at one-half
the maximum values is arbitrary; for a Gaussian distribution the
half-height approximately corresponds to two standard deviations.
Here, the grid extends in latitude from 0� to �80� at the center lat-
itude of 40�S. On the western border, geographical coordinates
range from latitude 60�S, longitude 94� on the south to latitude
7�N, longitude 150� at the north. Similarly, the eastern boundary
extends from 60�S, 266� to 7�N, 210�. These coordinates result
from overlaying a Cartesian grid upon the southern hemisphere
centered at 40�S, 180�.

Next we show the corresponding extrapolation for the field as a
mathematical demonstration of the behavior of the noise. As we
extrapolate downward from 400 km to the surface and then below
using Laplace’s equation, the minimum and maximum values of
the field increase rapidly. Plotting their reciprocals against the alti-
tude (Fig. 4), we see that the fields cannot be extrapolated far be-
low the surface. Also, this again reveals a systematic difference in
the behavior of positive (solid circles) and negative sources (open
circles) with downward extrapolation. Although at 400 km map-
ping level the maximums of positive and negative sources are

equivalent, they diverge with lower elevations. (By ‘‘positive” we
mean those sources with the equivalent dipole directed outward.)

Spectral components increase exponentially with wavenumber
with downward continuation. Since the signal components con-
centrate at low wavenumbers whereas the noise has a very broad
spectrum, the extrapolated noise grows rapidly at high wavenum-
bers and the spectrum must be truncated, at wavenumber 25–30
as discussed earlier. With depth, the negative polarity minimum
approaches infinity at J 100 km (for display inverses are plotted),
suggesting weaker signal and greater noise contribution. For
extrapolation with either the linear or parabolic fit, the positive
polarity would not reach infinity until very much deeper. We be-
lieve that this documents a fundamental difference between nor-
mal and reversed polarities in magnetization in this quadrant of
the Martian Southern Hemisphere.

Using the vertical component, we have constructed the field for
the region with the strongest magnetization. We have used the
field to extrapolate to the surface, and then by means of a decon-
volution obtained the sources. The sources were used to model
the field, yielding very good results in terms of fit and appearance.

4. Interpretation of magnetization

The southern hemisphere region from longitude 150 to 210,
nearly an octant of Mars’ surface, contains the most extensive
and strong magnetization. Our analysis has shown the field over
this large region can be modeled with relatively few sources. How-
ever, an apparent dichotomy exists based on the polarity of model
sources. Positive sources are stronger, and they also outnumber
negative ones; the negative sources contain greater noise. The
magnetic sources used to model the field do not appear to be ran-
domly arranged, nor suggest alternating bands. In this section we
consider the tectonic and geological setting of the magnetic
sources. Of interest is any association of sources to craters and
ringed basins and the system of Tharsis-related faults. The goal is
an improved understanding of the process and timing of magneti-
zation and demagnetization.

4.1. Surface association of magnetization

Highland terrain materials with some younger northern chan-
nel materials and southern polar deposits cover the southern
hemisphere region analyzed (Greeley and Guest, 1998; Scott and
Tanaka, 1998; Tanaka and Scott, 1998). Of particular interest are
the location of ancient impacts that no longer retain the topo-
graphic signature of fresh craters, but instead have been identified
by concentric basins and outflow channels (Schultz et al., 1982).
The multi-ringed basins from north to south in this region are
Mangala, Al Qahira, S. of Hesphaestus Fossae, and Sirenum (loca-
tions and ring diameters in Table 2, Schultz et al., 1982). The mag-
netic field, extrapolated to the planet’s surface from satellite level
can be compared with surface features (Fig. 3).

Earth’s impacts offer analogs for Mars. Small craters, such as the
24-km Houghton feature in Canada (Parnell et al., 2005), did not
reach very high temperatures during impact, based on indisputable
evidence from the alteration of organic material. However, larger
impacts would cause higher temperatures and pressures. Chicxu-
lub, just 100 km-sized, has been documented by seismic reflection
data as a multi-ringed basin, with deformation to the base of the
crust (Morgan and Warner, 1999). Mars’ multi-ring basins signifi-
cantly exceed this size.

An impact in the presence of a magnetic field would result in
magnetization. The presence of water would facilitate magnetiza-
tion by creating nanophases in the presence of an existing plane-
tary field. Schultz et al. (1982) argue for hydrothermal activity
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associated with impacts which in the presence of a magnetic field
could account for the locations of strong magnetization here. How-
ever, igneous activity that concentrates along the rings stands out
as key. Therefore, it seems reasonable that these early impacts on
Mars would eradicate any earlier magnetization and then could
cause remagnetization by igneous activity and also possibly by
the mobilization of water – if a planetary magnetic field existed
at the time of impact.

In general, impact craters larger than 300 km disrupt magneti-
zation (Acuna et al., 1999) even out to several radii, however, in
the southern hemisphere modification of the surface magnetiza-
tion is not obvious surrounding the ringed basins. Indeed, some
of the strongest field lies immediately adjacent to the rings of
the ancient impacts. In particular, for the southernmost structure

with the Sirenum basin, the scalar potential contour lines appear
to curve around the outermost 1000 km ring as identified by
Schultz et al. (1982). As we previously noted for scalar potential,
the warping of the contour lines around the Sirenum basin circles
becomes most evident with the downward continuation of the
field to near surface level (Fig. 4a, Jurdy and Stefanick, 2004). Pos-
sibly, then, in the southern hemisphere remagnetization immedi-
ately followed the early impacts causing the large basins like
Sirenum. The interiors of these basins are weakly magnetized
(Fig. 5a), but for the four concentric basins shown, locations of
strong magnetization coincide with outer rings or are located adja-
cent. These ancient basins no longer retain the topographic signa-
ture of more recent impact crater; rather, identification has been
based upon stream directions, capture, and structural control

Fig. 3. (a) The magnetic field, Bz , extrapolated downward to an elevation of 100 km above the surface of Mars. Solid lines contour positive values and zero; dashed lines used
for negative values. Map centered at 40�S, 180�W, extending 40� in each direction. Latitude and longitude lines shown for reference with the geographical coordinates of the
corners given. (b) Model for the magnetic field at 100 km. (c) Sources for the modeled magnetic field (b); for clarity field filtered to eliminate amplitudes less than half the
maximums.
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(Schultz, personal communication). For comparison, a set of craters
based on MOLA topography (Frey, 2008) is shown in Fig. 5b.

In the southern hemisphere region, there appears to be an asso-
ciation of magnetic sources with ringed basins which dominate the
area. In the next section we statistically evaluate the likelihood of
this association.

4.1.1. Test for association of magnetic sources with impacts
A number of the magnetic sources appear to lie near, but just

outside, of the multi-ringed basins. We test the association for
the 18 sources in this region to quantify their proximity or avoid-
ance of ringed basins and then assign a probability for the observed
occurrence. Here we present an argument using v2 statistics (Fish-
er, 1973) to assess the likelihood of the observed distribution. The
analysis for the area is repeated for craters based on MOLA topog-
raphy (Frey, 2008).

We create three fictitious regions: (1) within basins, (2) near ba-
sins, and (3) away from basins, defined in some reasonable way.
Each of these regions has an area; the sum of these areas equals
the area of the entire square, nearly an octant of Mars’ surface.
For a uniform distribution, the fraction of the fictional area times
the total number of sources gives the expected number of sources
in each region. The v2 statistic measures the goodness of fit:

v2 ¼
X �nm � nmð Þ2

nm
ð6Þ

where �nm is the observed count for each of m regions, three in this
case, and nm, the expected count based on relative area.

Areas of each of the three regions are estimated. Employing a
5� � 5� grid with a total of 256 boxes, we count the number encom-
passed within basins, near basins, and away from basins. Boxes in-
side basin rings are regarded as ‘‘within”; here we arbitrarily define
‘‘near” as the region between the outer basin ring out to three radii
or a maximum of 3000 km. And those remaining boxes beyond the
three radii limit then count as ‘‘away from basins”. We find: 33
boxes within, 112.5 near, and 110.5 away from basins, correspond-
ing to fractional areas of .129, .439, and .432, respectively. (The half

Fig. 4. Reciprocals of maximums and minimums of sources in model shown as a
function of altitude and depth of extrapolation. Linear and parabolic fits are made
for maximums of the positives (solid circles) and for minimums of the negatives
(open circles). The negative polarity minimum approaches infinity at J 100 km,
suggesting weaker signal and greater noise contribution for the negative polarity
than for the positive polarity which would only reach infinity at very much deeper
depths.

Fig. 5. (a) Sources for magnetic field vertical component, Bz at Mars’ surface. Shown are four sets of concentric circles, multi-ringed basins, sites of ancient impacts, from north
to south: Mangala, Al Qahira, S. of Hesphaestus Fossae, and Sirenum [locations and ring diameters as mapped by Schultz et al. (1982)]. Faults related to Tharsis-uplift shown
as heavy lines [USGS Geological Maps]. Map projection as in Fig. 3. (b) Craters based on MOLA topography, from north to south: Zephyria, Daedalia, SW Daedalia, and Sirenum,
locations and diameters from Frey (2008, Table 1). Outermost circle shown 1000 km beyond each crater’s diameter to arbitrarily define ‘‘near”. Sources as in (a).
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units come from averaging counts, done twice: once vertically,
then horizontally.)

The distribution of magnetic sources is assessed by assigning
each to the one of the three basin regions: within, near, away.
The fuzziness of the sources results from, at least in part, the
deconvolution being only approximate. An exact deconvolution
would require all wavenumbers being used, but we have zeroed
out all high wavenumbers to limit noise, as discussed earlier. The
observed counts: two sources within basins, 14 nearby, and two
away from basins. However, for a uniform distribution of 18
sources with the relative areas determined, we would expect to
find 2.32 sources within the basins, 7.90 near basins and the
remaining 7.78 sources in the region defined as away from the ba-
sins. For this case v2 can be computed, summing within-, near- and
away from-basin regions:

v2 ¼ ð2� 2:32Þ2

2:32
þ ð14� 7:90Þ2

7:90
þ ð2� 7:78Þ2

7:78
¼ 9:05 ð7Þ

Here, the v2 value is calculated as �9.0. The v2 values for two de-
grees of freedom generally lie in the range 0.5–3.0; values greater
than 6.0 will occur only 5% of the time, a value of 7.8 only 2% of
the time, and 9.2 only 1% of the time. Therefore the v2 analysis
(7) shows the observed distribution of sources and ringed basins
in the southern hemisphere area near 40�S, 180� to be a low-prob-
ability occurrence. A slight reinterpretation of source locations
resulting in 13 nearby and three outside would lower the v2 value
to 6.3, having a probability of �5%.

For comparison, we next repeat the statistical analysis for mag-
netic sources with another impact scenario. Frey’s (2008) recent
global assessment of large craters for Mars has been correlated
with magnetization by Lillis et al. (2008) to establish the duration
of Mars’ global magnetic field. Four craters (locations and sizes gi-
ven in Table 1, Frey, 2008) fall within 40� of latitude 40�S, 180�W:
Zephyria, Daedalia, SW Daedalia, and Sirenum, from north to
south. (This catalogue positions Sirenum at 67.4�S, 154.7�W,
whereas previously a feature at 43.5�S, 166.5�W, about the same
size, was given the same name.) We repeat the v2 analysis. Count-
ing 5� boxes for this alternative set of craters we find 51 boxes lie
within the craters, 82 near and the remaining 123 outside, corre-
sponding to fractional areas of .199, .320, and .481, respectively.
(Here we arbitrarily define ‘‘near” as within 1000 km of each cra-
ter’s outer diameter.) For the 18 sources, based on these fractional
areas, 3.6 sources would be expected within craters, 5.8 nearby and
8.6 away from craters; however, counting sources we find only one
source lies within a crater, 13 nearby and four away from craters.
This corresponds to v2 value of 9.34, an unusual association, occur-
ring only � 1% of the time. This statistical analysis in the Martian
Southern Hemisphere strongly suggests that magnetic sources are
associated with ringed basins as the sites of ancient impacts as
identified from geology (Schultz et al., 1982). In addition, re-anal-
ysis for an alternative distribution of Mars’ largest craters – ones
identified by Frey (2008) from MOLA topography – with the mag-
netic sources in this region, finds this alternative arrangement of
basins and magnetic sources also unlikely to be random. However,
because of the small number of points – 18 magnetic sources here
– the results cannot be regarded as conclusive. A more refined
description of inside-, near- and away-from basins would not re-
move the small number problem. Here we have developed and
tested a hypothesis: that the strongest magnetic sources are lo-
cated adjacent to, but not actually within, very large impacts or
ringed basins. This can be tested in other regions.

A system of faults extends through the area. Most apparent in
the western region (Scott and Tanaka, 1998), the faults also extend
beyond 180� and die out to the east (Greeley and Guest, 1998). The
model sources for Bz (Fig. 5) hint at a curious relation to the faults:

often a fault trace separates two locations of strong magnetization.
This – if confirmed – might indicate that the uplift of Tharsis and
related faulting disrupted crust that had already been magnetized.
We do not attempt a statistical test for the association, with the
limited number of magnetic sources and faults even more re-
stricted than craters. However, the hypothesis merits further
examination in other regions where it can be better tested and as-
sessed. Possibly, the timing of the faults caused by the uplift of
Tharsis could further bracket the duration of the Martian magnetic
field.

5. Discussion

All of the ringed basins in the southern hemisphere octant cen-
tered on 40�S, 180� have magnetic sources immediately adjacent.
The impact process in the presence of an active magnetic field
could cause local magnetization. Igneous activity concentrating
along the rings would record the magnetic field at the time of im-
pact. If water were present, hydrothermal activity caused by the
impacts could also contribute to magnetization of the ringed ba-
sins. Some large craters such as Argyre and Hellas have experi-
enced demagnetization, but Mitchell et al. (2007) show Utopia as
featuring a ring of ‘‘enhanced values” of the crustal magnetic field
at an altitude of 170 km, B170. So either Utopia demagnetized an al-
ready magnetized region, leaving patches, or the sources represent
magnetization of Utopia’s inner ring at impact. The latter would,
they note, establish the existence of the Martian magnetic field
at the time of Utopia’s impact. On the basis of crater density Utopia
predates Hellas and Argyre, both lacking internal magnetization
(Mitchell et al., 2007).

From numerous studies (e.g. Arkani-Hamed, 2001a; Hood et al.,
2005), it appears probable that different regions on Mars were
magnetized relative to different past locations of the magnetic pole
and therefore of the spin axis. However, each determination re-
quires assumptions, and the resulting paleopole locations scatter
considerably over the surface. Magnetization of ringed basins at
time of impact could offer an independent approach for the deter-
mination of magnetic pole locations. If a region were located near
Mars’ magnetic north pole at the time of magnetization this would
account for the numerous vertical dipoles causing the correspond-
ing excess of positive sources in the southern hemisphere near lat-
itude 40�S, longitude 180�. For the path proposed by Schultz and
Lutz (1988), the pole wanders through this region during the Mid-
dle Noachian to the Early Hesperian. In this scenario for Martian
true polar wander, only the final push about 3 billion years ago
brought the pole to its current location (P. Schultz, personal com-
munication, 2004).

Confirmation of the cause and timing of magnetization associ-
ated with ringed basins requires further examination, particularly
the downward continuation of the field to the surface. Accurate
positioning of magnetic sources at Mars’ surface and possibly be-
low, along with the incorporation of MOLA topographic data could
clarify the geometric relation of magnetization to the igneous
activity of the rings. Analysis of an isolated, but similarly-aged ba-
sin in another region would be most informative. If the magnetiza-
tion resulted from the impacts, this could further constrain the
extent of the magnetic field on Mars. The south polar area holds
promise for further modeling.

6. Conclusions

We studied the strongly magnetized region in the southern
hemisphere within 40� of the point at 40�S, 180�W, covering nearly
an octant of Mars’ surface. Using a rotated Cartesian coordinate
system allowed application of ordinary two-dimensional Fourier
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analysis for downward continuation. Comparison of downward-
continued, mapping level field with aerobraking measurements
made at 100 km for bins having angular deviation within ±30�
yields a 95% correlation for the vertical component, Br . One expla-
nation for this agreement would be that the lower-level at
�100 km does not contain significant magnetic signal at lower
wavelengths than that measured in the mapping field �400 km.
This would have important consequences for the origin and analy-
sis of Mars’ magnetic field and requires further analysis. The mag-
netic field components were used to model the sources for the
field. A small number of discrete sources, �10–12, more positive
ones than negative, can model the field over this large area. How-
ever, in a mathematical test of noise, with downward continuation
the negative sources more quickly approach infinity, suggesting
weaker inherent signal and a greater contribution of noise. This
may signify a fundamental difference here between normal and re-
versed polarity for Mars’ magnetization.

Models for the field in this southern hemisphere region neither
require magnetic stripes with reversals, nor rule out the possibility
either. Statistical analysis supports the observation that many of
the strongest magnetic sources appear to lie near to the outer rings
of ancient impacts. The ringed basins, Mangala, Al Qahira, S. of
Hesphaestus Fossae, and Sirenum, all have weakly magnetized
interiors, with magnetic sources situated near their outer rings.
These no longer retain the topographic signature of more recent
impact crater and were identified from geological constraints. Sta-
tistical analysis was repeated for an alternative set of impact sites,
craters identified from their topographic signature. For both of
these alternatives we test the likelihood of the association by com-
paring the observed sources found within and near basins with
random distribution; the observed distributions were found to be
a low-probability occurrence for both of the basin scenarios. Im-
pacts in the presence of a magnetic field – and perhaps water –
may be responsible for the observed magnetization around ringed
basins. In this southern hemisphere region there are only a few
large impacts and about a dozen magnetic sources. Therefore, the
hypothesis that the strongest magnetic sources are positioned
adjacent to, but not actually within, very large impacts or ringed
basins needs to be tested elsewhere. If a geometric relation be-
tween the magnetization and impact rings could be established,
this might offer an independent approach for determining Martian
paleomagnetic poles. If confirmed, then the magnetization may be
contemporaneous with the impacts; this would provide an addi-
tional constraint on the duration of Mars’ magnetic field.
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