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Abstract. Vector crustal magnetic field maps of the northern polar zone (60°N
to 90°N) are constructed from selected Mars Global Surveyor magnetometer data
obtained during the period from May 28 to September 13, 1998. Two medium
anomalies (amplitudes >50 nT at 170 km altitude) are mapped in locations
consistent with earlier studies. No visible surface features correlate with the
anomalies, suggesting that the sources lie beneath the visible veneer of polar
deposits and volcanic lava flows. If so, then they formed prior to the immediate end
of the heavy bombardment (upper Hesperian) period. Modeling of anomaly vector
field components combined with independent constraints on the depth to the Curie
isotherm yields lower limits on bulk magnetization intensities (0.4 — 0.9 A/m) that
are significantly greater than those measured for Martian (SNC) meteorite samples.
Rocks that contain substantially more titanomagnetite than SNC meteorites, or
that contain magnetic phases in addition to titanomagnetite, possibly resulting
from hydrothermal alteration, are therefore suggested. Alternatively, remanence
acquisition in a field of Earthlike intensity (~50 uT), rather than in the relatively
weak inferred paleointensities for SNC meteorites (~ 1 — 10 uT), would also help to
explain the relatively strong inferred remanent magnetizations. The approximate
south paleomagnetic pole positions corresponding to these two anomaly sources are
located in a region between Olympus Mons and the present north rotational pole.
This region is adjacent to the approximate location predicted by Melosh [1980] for

the paleopole prior to the formation of the Tharsis gravity anomaly.

1. Introduction

Although Mars has no intrinsic global magnetic field
at present, the magnetometer on the Mars Global Sur-
veyor (MGS) spacecraft detected crustal magnetic field
anomalies with amplitudes as large as 400 nT (1 nT =
10=5 G) at 110 km altitude [Acuiia et al., 1998, 1999;
Connerney et al., 1999]. Interpretation of the observed
crustal fields is constrained by studies of shergotite,
nakhlite, and chassignite (SNC) meteorites and surface
magnetometer data which show that the dominant re-
manence carriers in Martian crustal rocks are iron ox-
ides [Hargraves et al., 1977; Collinson, 1986; Cisowsks,
1986]. Remanence carriers of this type (e.g., titanomag-
netite, maghemite) would have acquired their magneti-
zations over significant time periods. For example, a
massive igneous intrusion containing magnetite would
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have cooled only gradually over millions of years. Such
extended periods of magnetization acquisition would
necessarily require the continual presence of a steady,
unidirectional magnetizing field. In addition, the ob-
served anomalies tend to be most numerous over older
(Noachian and Hesperian) terrain, suggesting that the
Martian magnetizing field existed mainly during the pe-
riod prior to the end of the early heavy bombardment
of Mars [Acuria et al., 1999].

By analogy with the terrestrial case, the most proba-
ble source of a steady magnetic field early in Mars’ his-
tory would have been a core dynamo. Consistent with
this interpretation, thermal history models admit the
possibility that a core dynamo could have existed early
(during the first gigayear) of Mars’ history [Stevenson et
al., 1983; Schubert and Spohn, 1990]. Specifically, iso-
topic constraints from SNC meteorites imply that for-
mation of a metallic core in Mars must have occurred
early, shortly after accretion, and most thermal models
indicate that the core would have been fluid and convec-
tively unstable for a substantial period (>0.5 Gyr). The
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absence of an intrinsic field during the present epoch is
attributable to cooling of the core to a subadiabatic,
conductive state combined with the absence of a freez-
ing inner core that would have driven chemical convec-
tion. The latter condition is met if the sulfur abundance
in the core is greater than ~15 wt % [Stevenson et al.,
1983]. Some recent models have argued that the cessa-
tion of dynamo generation may have been governed by
the presence or absence of plate tectonics or some other
process that causes rapid surface heat flux [Nemmo and
Stevenson, 2000].

If the magnetization of major crustal anomaly sources
on Mars was due to the presence of a former core dy-
namo, then the bulk directions of magnetization of these
sources should reflect the orientation of the planetary
magnetic field at the times of their formations. As-
suming that the dynamo magnetic moment vector was
roughly constant in orientation (aside from reversals),
it follows that the corresponding magnetic pole posi-
tions for anomaly sources of similar ages should ideally
be in the same areographic region(s). Thus analysis of
the MGS magnetometer data to infer bulk directions of
magnetization of major anomaly sources could provide a
direct test of the core dynamo hypothesis. Moreover, if
the areographic region(s) in which former magnetic pole
positions are found is displaced significantly from the
present rotational polar zone, this displacement could
represent evidence for reorientation of the planet rel-
ative to its spin axis (“polar wandering”). The latter
application assumes that the former dynamo moment
vector was approximately aligned with the planetary
rotation vector, a condition that is met for most ob-
served planetary fields, including that of the Earth [e.g.,
Russell, 1987].

It should be noted that the interpretation of Mar-
tian crustal magnetic fields as being a consequence of
thermoremanence or chemical remanence in a former
core dynamo magnetic field neglects any contributions
from impact processes to the observed crustal paleo-
magnetism. On the Moon, there is evidence that impact
processes have played a substantial role both in produc-
ing the materials that are magnetized and in modifying
any preexisting magnetic field such as a former core dy-
namo field (for reviews of lunar paleomagnetism stud-
ies, see Hood [1995]) and Fuller and Cisowsk: [1987]).
This is partly because the dominant ferromagnetic car-
riers in the reducing lunar environment are microscopic
metallic iron particles that typically originate by im-
pact shock reduction of preexisting ferromagnesian sil-
icates. These carriers are embedded in surficial ma-
terials that could have acquired their magnetizations
relatively quickly (by shock or rapid cooling). In ad-
dition, hypervelocity impacts on planetary surfaces va-
porize silicate materials, resulting in a hot, partially
ionized, thermally expanding plasma cloud at the im-
pact point [Hide, 1972; Hood and Vickery, 1984]. These
expanding impact plasma clouds interact strongly with
ambient magnetic fields, producing transient fields ca-
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pable of magnetizing lunar materials. However, at Mars
the presence of a denser, oxidizing atmosphere during
the period when a core dynamo existed would have min-
imized the contribution of impact plasmas to the ob-
served paleomagnetism. The fact that Martian crustal
field anomalies are several orders of magnitude stronger
than lunar anomalies at the same altitude is consis-
tent with larger volumes and therefore slower forma-
tion times for anomaly sources. Thus, except possibly
for impact demagnetization of crustal regions during
large basin-forming impacts, it appears reasonable to
consider primarily a “terrestrial model” in which the
paleomagnetism originated by relatively slow internal
crustal processes in the presence of a steady core dy-
namo magnetic field.

In this paper an analysis is presented of original MGS
magnetometer data delivered so far (as of June 2000) to
the Planetary Data System for general use by the plan-
etary science community. These data were obtained
during the period from May 28 to September 13, 1998
(MGS orbits 327 to 553) and are from a period in the
MGS mission known as Science Phasing Orbits (SPO)
1 and 2. Data coverage is limited to the northern polar
region (60°N to 90°N). Although two major medium-
amplitude (~50 nT) anomalies have previously been
mapped in this region [see Acusia et al., [1999, Figure
1], the earlier mapping procedure involved averaging
all available measurements over altitude (170-200 km).
In section 2 the methods adopted to process and map
the vector components of the crustal field in the work
reported here are described. In particular, only a se-
lected subset of available data over a given region is
used in order to avoid averaging over altitude. In sec-
tion 3, source characteristics for the two major mapped
anomalies are investigated using a simplified, iterative
forward modeling procedure. Specifically, limits on bulk
magnetization intensities, directions of magnetization,
and corresponding magnetic pole positions for a for-
mer magnetizing dipole centered in Mars are estimated
for these two anomaly sources. In section 4 the inter-
pretation and implications of the modeling results are
discussed, while conclusions are given in section 5.

2. Data Processing and Mapping

For the purpose of constructing regional maps of Mar-
tian crustal magnetic fields, we applied a modified ver-
sion of methods developed for mapping lunar crustal
magnetic fields using Apollo subsatellite magnetometer
data [Hood et al., 1981] and Lunar Prospector magne-
tometer data [Hood el al., 2001]. However, one major
difference between the lunar case and the Martian case
is the presence of a Martian ionosphere whose electron
density reaches a maximum at altitudes between about
180 and 210 km [Acusia et al., 1998]. In the lunar case,
under at least some conditions, crustal fields can be
mapped in a quasi-vacuum environment at all altitudes
with minimal external field disturbances. However, at



HOOD AND ZAKHARIAN: MAGNETIC ANOMALIES IN MARS’ NORTH POLE

Mars, at altitudes equal to or greater than the iono-
spheric peak, strong and variable magnetic fields asso-
ciated with the solar wind-ionosphere interaction are
commonly present. These external field disturbances
greatly increase the difficulty of detecting and mapping
permanent crustal fields when the spacecraft is at or
above the ionospheric peak.

A second difference between the Martian case and the
lunar case is the much larger longitudinal separation
between successive orbit tracks for MGS as compared
to lunar orbiting spacecraft. Because of the relatively
slow lunar rotation rate, lunar polar orbit tracks are
separated by ~30 km at the equator. This allows a rela-
tively easy comparison of field measurements on succes-
sive orbits to distinguish permanent crustal fields from
transient external fields. At Mars a minimum spacecraft
orbit period of ~1.9 hours combined with the planetary
rotation period of 24.6 hours leads to a minimum longi-
tudinal orbit spacing at the equator of ~28°, or ~1650
km. The spacing is wider for longer-period, elliptical
orbits. Such a large orbit spacing precludes measure-
ments of the same magnetic anomaly fields on succes-
sive orbits. Hence a more complex procedure of sorting
periapsis passes according to longitude and altitude is
necessary before comparisons of adjacent orbit passes
can be attempted.

Taking into account the above noted differences be-
tween the Martian and lunar measurement environ-
ments, the following general processing steps were ap-
plied to the MGS magnetometer data. (1) Selection
of all available orbit segments during which the space-
craft altitude is less than that of the ionosphere electron
density peak (conservatively taken to be 200 km). (2)
Transformation of field data to a spherical polar radial,
east, and north coordinate system followed by merger
with ephemeris data to produce a file containing the
field components, spacecraft (S/C) altitude, longitude,
latitude, and a flag to identify day or night conditions.
(3) Ordering of orbit segments according to spatial lo-
cation so that successive orbits are adjacent to one an-
other. (4) Visual editing of periapsis passes by compar-
ison of measurements on adjacent passes to eliminate
intervals with significant external magnetic field distur-
bances. (The radial field component is examined first
because the tangential components (east, north) tend to
be more disturbed by external fields.) (5) Filtering of
remaining orbit segments by quadratic or higher-order
polynomial detrending. (This step further assists in
minimizing long-wavelength external field variations.)
(6) Two-dimensional filtering (or gridding) of individ-
ual orbit data segments to produce an equally spaced
array of measurements along the (curved) surface de-
fined by the mean S/C altitude. (Maps of the three
field components (radial, east, and north), of the field
magnitude, of the S/C altitude (radial distance from
the center of figure minus the mean planetary radius),
and of the orbit track locations are also produced at
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this stage. Software for this purpose is based on algo-
rithms originally developed by Eliason and Soderblom
[1977] for the analysis of Apollo subsatellite data sets.)

An examination of the 226 orbits of MGS magne-
tometer data available for analysis at present (June
2000) showed that the region north of 60°N latitude
was covered multiple times at variable altitudes. It was
therefore decided to divide the data set into subsets
with each subset containing a sequence of orbits with
nearly single-altitude coverage as a function of position.

One sequence of orbits (438-495; July 20 to August
17, 1998) was found to provide a general overview of the
northern polar region from 60°N to 88°N. The result-
ing maps of the field magnitude, the radial, east, and
north components, the S/C altitude, and orbit track lo-
cations are shown in Plate 1. The mean altitude struc-
ture (bottom left plot) is nearly symmetric about the
north pole with a minimum altitude of ~163 km near
75°N. Two major anomalies are evident on the field
magnitude plot (top left). The radial field component
plot (top right) agrees approximately with that pub-
lished earlier by Acufia et al. [1999] (see their Figure
1). These anomalies, centered near 83°N, 32°E and near
65°N, 27°E, will be referred to hereafter as the northern
and southern anomalies, respectively.

In order to produce the best possible map of each of
the major anomalies of Plate 1, it is desirable to select
those orbit passes that cover each anomaly at the low-
est available altitudes with a minimum of external field
disturbances. For the purpose of producing an optimal
map of the southern anomaly, orbits 496-553 (August
17 to September 13, 1998) were selected. These orbits
have periapses that are centered near 65°N, which is
the approximate latitude of the southern anomaly. Fig-
ure la shows six tracks chosen from among this group
because of their location over the region occupied by
the southern anomaly. Figures 1b, lc, and 1d are plots
of the radial, east, and north field components, respec-
tively, for this series of six orbits. The repetition of
patterns on successive orbits verifies that external tran-
sient fields are relatively small.

Figure 2 is a regional field map covering the area oc-
cupied by the southern anomaly. It was constructed
from a subset of orbits 496 to 553, including the six or-
bits selected for Figures la-1d. Although parts of only
10 orbits were used, it represents an optimally accurate
map at the lowest available altitude of observation over
this region.

For the purpose of producing an optimal map of the
northern anomaly, orbits 327-437 (May 28 to July 20,
1998) were selected. These orbits have mean periapses
of ~165 km at latitudes near 83°N and are therefore
positioned well for detecting this anomaly. Figure 3a
shows a series of eight tracks located over the region oc-
cupied by the anomaly. Figures 3b, 3c, and 3d are plots
of the radial, east, and north field components, respec-
tively, for this series of six orbits in the same format as
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Figure 1b. Plots of the radial magnetic field compo-
nent along the series of surface tracks shown in Figure
la. The numerical labels identify the tracks.
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Figure 1d. Same format as Figure 1b but for the north
field component.
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B—-Total, nT B—Radial, nT

B—East, nT B—North, nT

Plate 1. Maps of the field magnitude, the radial, east, and north field components, the spacecraft
altitude, and the orbit track locations produced for orbits 438-495 (July 20 to August 17, 1998).
The effective latitudinal coverage is 60°N to 90°N.
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Figure 2. Regional vector field map of the southern anomaly of Plate 1 constructed from
a subset of orbits 496-553 (August 17 to September 13, 1998). The field magnitude, mean
spacecraft altitude, and orbit track distribution are also shown.
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Figure 3a. Surface tracks selected from orbits 327-437 (May 28 to July 20, 1998) for coverage

over the northern field anomaly of Plate 1.

3. Model Calculations

In order to investigate possible source characteristics
for the northern and southern anomalies of Figures 2
and 4, we have employed an approximate, iterative for-
ward modeling procedure [see, e.g., Hood, 1980]. Since
the two mapped anomalies are relatively isolated and
are dominantly dipolar, we assume that a single source
is responsible for each. For simplicity, two extreme end-
member source model geometries were investigated: (1)
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Figure 3b. Plots of the radial magnetic field compo-
nent along the series of surface tracks shown in Figure
3a. The numerical labels correspond to the tracks in
Figure 3a.

a point dipole with moment amplitude m buried at a
depth d and (2) a circular surface disk with dipole mo-
ment per unit area m and diameter D. An improved
fit to the data could be obtained using more than one
dipole or using a surface disk of arbitrary shape; how-
ever, for the purpose of the present first-order analy-
sis a single dipole or a circular disk is employed. The
orientation of the dipole moment vector and that of
the magnetization vector in the disk are both described

by two angles, a and (3, where « is the angle between

the local radial direction and the moment vector and
[ is the azimuth of the surface projection of the mo-
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Figure 3c. Same format as Figure 3b but for the east
field component.
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Figure 3d. Same format as Figure 3b but for the north
field component.

ment vector measured from the local eastward direc-
tion counterclockwise (looking down) about the radial
direction. These angles are easily relatable to the con-
ventional angles of terrestrial paleomagnetism, I and D
[see, e.g., Butler, 1992; Langel and Hinze, 1998]. As
indicated schematically in Figure 5, each of these two
source models, with suitably chosen parameters, will
produce a nearly identical field at the S/C altitude.
Therefore field measurements at a single altitude will
not uniquely distinguish between these source models.
Nevertheless, an evaluation of source model parameters
combined with additional physical constraints (depth to
the Curie isotherm, likely geologic nature of anomaly
sources) can yield limits on bulk magnetization inten-
sities. In addition, as also indicated schematically in
Figure 5, the inferred orientation of the buried dipole
moment vector and the magnetization direction in the
surface disk are approximately equal. Thus the derived
direction of magnetization is not strongly sensitive to
assumed source model geometry.

Initially, iterative forward model calculations were
performed for both anomalies assuming a buried point
dipole source geometry. The modeling procedure con-
sisted of first placing the dipole at the longitude and
latitude where the field magnitude reached a maximum
amplitude and at an arbitrary depth. The direction an-
gles o and 3 were also set at values roughly consistent
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with the observed field component patterns. Then, both
the dipole moment amplitude m and the depth d were
iteratively varied until a fitting parameter measuring
the deviation of the model field components from the
observed field components and the model field magni-
tude from the observed field magnitude reached a mini-
mum. In order to increase sensitivity to fields associated
directly with the anomaly, the fitting parameter calcu-
lation was performed only within a small area centered
on the anomaly. The calculation was then repeated
with m and d held constant and the direction angles o
and @ determined by the fitting procedure. This pro-
cess was repeated cyclically until no significant change
in the fitted parameters (m, d, «, and 3) occurred.
Following Butler [1992], once the source surface lo-
cation and direction of magnetization were estimated,
the corresponding magnetic pole position location was
determined using the following series of steps: First,
the great-circle distance from the anomaly site to the
magnetic pole, the magnetic colatitude p, was obtained
from
p=tan"!(—2tana). (1)

The pole latitude was then given by

(2)

where A; is the source surface latitude. The longitudinal
difference between pole and site is positive toward the
east and was obtained from

Ap = sin~!(sin A, cos p + cos A, sin psin 3),

Sln p cos ﬁ)
cosA, 7/

A¢ =sin™! ( (3)
If cos p > sin A, sin Ay, then the pole longitude was given
by ¢p = ¢s + A, where ¢, is the source surface longi-
tude. Otherwise, ¢, = ¢, + 180° — A¢.

In order to estimate the approximate errors associ-
ated with a given pole position location, we assume that
any model-derived bulk direction of magnetization is
characterized by a circular error cone of angular radius
695. Again following Butler [1992], this circular con-
fidence limit about the direction of magnetization at
the source may be mapped into an ellipse of confidence
about the pole position. The semiaxis of this ellipse
along the great circle from the source to the paleopole
is

2
14 3cos p)' (@)

dp:695( 5

The semiaxis perpendicular to this great circle is

dm:695(smp).

sin o

(5)

In the case of the southern anomaly an optimal fit
to the observed field was obtained for a location at
65°N, 27°E; direction angles @ = 115° & 20° and @ =
100° +20°; moment m = 2.4 + 0.4 x 10'¢ A m? (= 2.4
+ 0.4 x 10'° G/cm?®); and depth d = 160440 km. The
corresponding south magnetic pole position is at ap-
proximately 38°N, 141°W, with error ellipse semiaxes
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Figure 4. Regional vector field map of the northern anomaly of Plate 1 in the same format as
Figure 2. This map was constructed from a subset of orbits 327-437 (May 28 to July 20, 1998).
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SATELUITE

ALTITUDE

UNIFORMLY MAGNETIZED
PLATE

(1) POINT DIPOLE

Figure 5. Two possible source models for an isolated,
dominantly dipolar crustal magnetic field anomaly. See
the text.

of dp = 12° and dm = 21°. The north magnetic pole po-
sition is antipodal to this location and lies in the south-
ern hemisphere. In the case of the northern anomaly an
optimal fit was obtained for a location at 83°N, 32°E;
direction angles o = 160°£20° and 8 = 100°£20°; mo-
ment m = 1.2 £ 0.3 x 10 A m? (= 1.2 +£ 0.3 x 10°
G/cm?); and depth d = 150 & 40 km. The correspond-
ing south magnetic pole position lies at approximately
61°N, 136°W with error ellipse semiaxes of dp = 30°
and dm = 15°.

Figure 6a is a plot of the fitting parameter versus the
angle o for the southern anomaly point dipole model
with all other parameters held constant. For values of
« less than ~95° or more than ~135°, the fitting pa-
rameter increases to significantly more than its mini-
mum value at approximately @ = 115°. On this basis
an error range of +20° was adopted. Figure 6b is a
similar plot of the fitting parameter versus § for the
southern anomaly point dipole model. Again, the fit-
ting parameter increases to significantly more than its
minimum value at ~20° more or less than the minimum
near # = 100°. As shown in Figures 6¢ and 6d, an ap-
proximate £20° error range for a and 3 for the northern
anomaly is also suggested. Similar plots of fitting pa-
rameter versus moment amplitude and depth were used
to estimate error ranges for dipole moment amplitude
and depth.

Next, iterative forward model calculations were per-
formed for both anomalies, assuming a thin surface disk
source geometry. The modeling procedure was the same
as that described above for a point dipole source model
except that the dipole moment per unit area m/area
and the disk diameter D were determined in place of
the point dipole moment and depth. In the case of the
southern anomaly, the fitted dipole moment per unit
area m/area = 9.2 + 1.4 x 10* A (= 9200 £ 1400 G-
cm), while the estimated diameter D is 360 &+ 70 km.
For the northern anomaly the corresponding values are
m/area = 4.2 + 2.0 x 10* A (4200 &+ 2000 G-cm) and
D = 400 £ 60 km. The surface locations and directions
of magnetization were unchanged from the point dipole
source results.
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Figure 7 is a comparison of the observed southern
anomaly fields (from Figure 2) with the surface disk
model fields for the best fitting parameters listed above.
Figure 8 is a similar comparison for the northern anomaly.
As can be seen, the model fields do simulate the gen-
eral character of the three field components and the field
magnitude in both cases.

4. Interpretation and Implications
4.1. Anomaly Sources and Magnetic Phases

The northern anomaly (83°N, 32°E) is located over
the young Planum Boreum polar plateau of layered
deposits and ice, while the southern anomaly (65°N,
27°E) occurs over an undistinguished portion of up-
per Hesperian—aged north polar plains (Vastitas Bore-
alis). The latter unit consists of degraded lava flows or
sediments punctuated by small knobby volcanoes and
degraded highland material [Tanaka and Scott, 1987].
However, there i1s no visible surface feature where the
anomalies are located. Both the polar layered deposits
and the polar plains lava flows are relatively surficial

30 T T 30 T T T 7

RMS, nT

R I I
50 100 150

RMS, nT

lij
150

10 | | | I | 14 1 I 1 ,
90 120 150 180 0 50 100
Degrees Degrees

Figure 6. (a) Plot of the fitting parameter (analo-
gous to the root mean square deviation, or RMS) in nT
as a function of the angle o for the southern anomaly
model dipole moment vector orientation; (b) same for-
mat as Figure 6a but for the angle 3 (southern anomaly
case); (c) same format as Figure 6a but for the north-
ern anomaly model dipole moment vector orientation;
and (d) same format as Figure 6a but for the angle 8
(northern anomaly case).
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Figure 7. Comparison of the field magnitude and vector field components calculated using a
surface disk source model (right panels) to those calculated from the MGS magnetometer data
for the southern anomaly of Plate 1. See the text for disk model parameters.
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Figure 8. Same format as Figure 7 but for the northern anomaly of Plate 1. See the text for
disk model parameters.
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and are roughly symmetric about the pole. The sources
of these anomalies are therefore most probably beneath
the visible surface. As shown in Plate 2, there are no
gravity or topographic anomalies that correlate clearly
with these magnetic anomalies. It is therefore unlikely
that a significantly denser subsurface body is responsi-
ble for either anomaly. In some areas, such as Phlegra
Montes and Acidalia Planitia, plains units surround and
embay eroded and hilly terrain that resembles material
from the southern highlands. Martian crustal anomalies
are generally stronger south of the dichotomy boundary
separating the northern low plains from the southern
highlands [Acufia et al., 1999]. Therefore it might be
suggested that the sources of the northern polar anoma-
lies studied here are older highlands units beneath the
visible surface. However, the lack of association of mag-
netic anomalies with visible eroded and hilly terrain in-
dicates that the magnetization of these units must be
rather inhomogeneous.

Because of their locations within the northern low-
lands, any complete discussion of the origins of the
anomalies analyzed here must consider also the origin
of the crustal dichotomy on Mars. One hypothesis for
the origin of the dichotomy involves one or more gi-
ant basin-forming impacts in the northern region, fol-
lowed by volcanic lava flooding and erosion [Wilhelms
and Squyres, 1984; Frey and Schultz, 1988; Strom et al.,
1992]. According to this hypothesis, the northern low-
lands would be similar in origin to the extensive maria
on the lunar nearside [see Tanaka et al., 1992, Figure
1]. Alternatively, Wise et al. [1979] suggested that a
single mantle convection cell eroded the lower crust in
what is now the northern zone of Mars; the lowland
plains are then suggested to have resulted from subse-
quent foundering of the upper crust and later lava flood-
ing and erosion [see also McGull and Dimatriou, 1990].
Recent interpretations of MGS topography and gravity
data cast doubt on the impact model of the crustal di-
chotomy [Zuber et al., 2000], leaving tectonic subcrustal
erosion as the currently favored hypothesis.

Whatever was the precise mechanism for thinning the
northern crust and generating the extensive lava flows
that later covered the entire region, it is apparent that
this process effectively reduced the number and inten-
sity of crustal magnetic anomalies. If the subcrustal
erosion hypothesis is assumed to be valid, then it is
possible that many anomaly sources were located in the
preexisting lower crust that was later eroded away. The
subsequent extensive volcanic lava flows may also have
masked or thermally demagnetized surficial anomaly
sources. If some form of the impact hypothesis for
the dichotomy is instead assumed to be valid, then the
relative absence of magnetic anomalies in the northern
lowlands may be a consequence of impact destruction
of anomaly sources. In support of the latter hypoth-
esis, the relative dearth of crustal anomalies near the
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Hellas and Argyre basins [Acunia et al., 1999, 2001] in-
dicates that shock and heat associated with these basin-
forming impacts was sufficient to destroy most preex-
isting crustal magnetization in these regions. However,
it is equally possible that the reduction in number and
amplitudes of anomalies in the northern polar region
had a different (internal, tectonic) origin. In either case
the northern polar anomalies studied here must repre-
sent exceptional regions that escaped the destructive
processes that eliminated most anomalies in the north-
ern polar zone.

In view of the lack of geologic constraints on source
body dimensions, only approximate bounds on bulk
magnetization intensities within these sources can be
estimated on the basis of the modeling results of the
previous section. Such limits may then be useful for ul-
timately identifying likely magnetic phases. One addi-
tional constraint on source body geometry is that mag-
netization can be preserved in Martian crustal rocks
only at depths less than that of the Curie isotherm (853
K for magnetite). According to Banerdt et al. [1992],
lithospheric thermal gradients at the times when sur-
face loads were emplaced on Mars were in the range of
5-15 K/km; this range is based on tectonic studies of
elastic lithosphere thickness combined with laboratory
rheological measurements on rocks. The implied Curie
depths for magnetite are in the range of ~40-120 km.
Thus the northern and southern anomaly sources must
be at shallower depths than this. In addition, assuming
that subsurface mass variations are a consequence of
variations in the thickness of a constant-density crust,
Zuber et al. [2000] have applied MGS topography and
gravity data to infer an approximately uniform thick-
ness of ~35-40 km for the crust under the northern
lowlands. This result also suggests relatively shallow
depths for the anomaly sources studied here.

The point dipole modeling results of the previous sec-
tion yielded source depths of >150 km for both the
northern and southern anomalies. These depths are
significantly larger than likely Curie isotherm or lower
crustal boundary depths; for this reason, the point
dipole source model appears unlikely. In the remain-
der of this section we therefore consider only the results
assuming a source model consisting of a circular disk
of unknown thickness ¢, dipole moment per unit area
m/area, and diameter D located near the surface.

Lower limits on bulk magnetization intensity for the
sources of the northern polar anomalies may be esti-
mated from the surface disk results of dipole moment
per unit area combined with upper limits on the source
thickness. Taking an upper bound of ¢ ~ 100 km,
one obtains minimum magnetization intensities of ~0.4
A/m (4 x 107* G) and ~0.9 A/m (9 x 10~* G) for
the northern and southern anomalies, respectively. As-
suming a nominal mass density of ~3000 kg/m3, the
specific minimum magnetization intensities are about
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Plate 2. Bouguer (topography-corrected) gravity anomaly map of the north polar zone (60°N
to 90°N) based on MGS Doppler gravity data (A. Konopliv, private communication, 2000).
Contours of topography (in kilometers) are drawn on the basis of Mars Orbiter Laser Altimeter
data [Smith et al., 1999].
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Plate 3. South paleomagnetic pole positions corresponding to the inferred bulk directions of
magnetization for the southern and northern anomalies of Plate 1. Approximate error ellipses
are calculated using methods given in the text. Also indicated is the location of the paleopole
estimated theoretically by Melosh [1980] prior to a hypothesized reorientation of the planet at
the time of the formation of the Tharsis gravity anomaly.
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1.3—3.0x 10~* Am?/kg (= 1.3—3.0 x 10~* emu/gm).
Actual magnetization intensities could easily be >1 or-
der of magnitude larger than this if the source thick-
nesses are much less and/or if the magnetization inten-
sity is variable within the source.

Currently, the only samples of Martian crustal mate-
rials that have been directly studied are the SNC mete-
orites. Like terrestrial basalts, SNC meteorites contain
titanomagnetite as a primary magnetic phase; these
samples apparently acquired their primary remanence
in the presence of a paleofield of amplitude 1 — 10 pT
[Collinson, 1986; Cisowsk:, 1986]. After elimination of
samples showing evidence for contamination by the ter-
restrial field during atmospheric entry, bulk magnetiza-
tion intensities for shergottites and nakhlites are in the
range of 1 —6 x 1073 Am?/kg (= 1—6x 1075 emu/gm)
[Collinson, 1986; Cisowsk:, 1986]. This measured range
is significantly less than the minimum magnetization
intensities (> 10~* Am?/kg) inferred for the sources of
the northern and southern anomalies of Plate 1. In ad-
dition, Connerney et al. [1999] have recently estimated
even larger magnetization intensities (~10~2 Am?/kg
or ~10~% emu/gm) for some higher-amplitude south-
ern hemisphere anomaly sources. Rocks containing sub-
stantially larger concentrations of titanomagnetite than
SNC meteorites, or magnetic phases in addition to ti-
tanomagnetite, are therefore probably needed to ex-
plain the amplitudes of Martian magnetic anomalies.
(For general overviews of terrestrial magnetic petrol-
ogy, see Clark [1997, 1999].) Furthermore, the SNC
meteorites studied by Collinson and Cisowski have low
to moderate specific susceptibilities (0.5 — 3.5 x 10~¢
m3/kg for Collinson’s samples; generally ~40 x 10~°
m3/kg for Cisowski’s samples), indicating titanomag-
netite contents of ~ 0.04—0.3% by volume and ~ 4% by
volume, respectively. If the sources of Martian anoma-
lies are composed of material similar to the SNC mete-
orites, but acquired remanence in stronger fields than
inferred by these authors, comparable to the present ge-
omagnetic field (~50 uT), then magnetizations 5 — 50
times greater than the natural remanent magnetizations
(NRMs) of the SNC meteorites could be explained. This
may require formation of the anomaly sources studied
here earlier than the SNC meteorites, when the core dy-
namo was stronger. In summary, some combination of
larger concentrations of magnetic phases and a stronger
core dynamo field than inferred for the time of forma-
tion of SNC meteorite samples is probably required to
explain the large magnetization intensities of Martian
orbital anomaly sources.

In this regard, Ozdemar [2000] has recently noted
evidence from MGS Thermal Emission Spectrometer
data and Mars Pathfinder imaging data for crystalline
hematite of possible hydrothermal origin as well as
maghemite. Both of these minerals are low-temperature
oxidation or weathering products of magnetite and ti-
tanomagnetite. Deposition of substantial quantities of
hydrothermal hematite could lead to chemical rema-
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nent magnetization (CRM) with high intensities [Clark,
1997; Ozdemir, 2000]. Also, Nazarova and Harrison
[2000] note that some of the observed anomalies are lo-
cated in regions where surface water may have existed
in middle Mars history [e.g., Head et al., 1999]. They
point out that serpentinization of upper mantle rocks
on Earth is a hydrothermal process that produces mag-
netite and leads to CRM. Either of these hydrothermal
alteration processes would produce substantial increases
in natural remanent magnetization intensities as would
be necessary to explain the high amplitudes of Martian
magnetic anomalies. Weitz and Rutherford [1999] fur-
ther point out that Martian basalts with compositions
similar to the SNC meteorites and the parent melts
of the cumulate SNC rocks would crystallize abundant
titanomagnetite, provided conditions were sufficiently
oxidized. Interaction of basaltic magma with oxidized
surface rocks or with near-surface ice or water, early
in Martian history, might account for enhanced titano-
magnetite concentrations.

With respect to the time period during which the
magnetic anomaly sources studied here formed, it ap-
pears that their formation most probably predated the
immediate end of the heavy bombardment (upper Hes-
perian) period. This inference follows from the fact
that the north polar plains unit (Vastitas Borealis) over
which the southern anomaly is situated is upper Hes-
perian in age [Tanaka and Scott, 1987]). However, the
Martian dynamo may have continued to operate well
beyond the upper Hesperian period. This is because,
as discussed above, the conditions under which strong
crustal anomaly sources formed are not well under-
stood. If conditions favoring the formation of crustal
regions containing enhancad concentrations of efficient
remanence carriers existed mainly during pre-Hesperian
times, then strong magnetic anomaly sources would also
date from those times even if the core dynamo continued
to operate afterward. For example, if Noachian basalts
crystallized abundant titanomagnetite because of more
oxidizing conditions at that time, then Martian mag-
netic anomalies would date mainly from the Noachian
epoch even if the dynamo continued to operate during
Hesperian and later times.

By a similar line of reasoning, the absence of strong
magnetic anomalies over the Tharsis volcanic constructs
[Acusia et al, 1999, 2001] does not necessarily imply
that the dynamo must have ceased operation prior to
the formation of Tharsis. If subsurface volcanic deposits
in the Tharsis region are magnetized at levels compara-
ble to those of the SNC meteorites, maximum field mag-
nitudes at 300 km altitude would be in the range of 1-5
nT and would therefore be difficult to detect with the
MGS magnetometer [Hood and Hartdegen, 1997]. As
shown above, much stronger magnetization levels are
necessary to explain the northern polar anomalies, and
these levels may have been realized only when large con-
centrations of titanomagnetite or other remanence car-
riers were produced. The Tharsis basalts may not have



HOOD AND ZAKHARIAN: MAGNETIC ANOMALIES IN MARS’ NORTH POLE

yielded such large concentrations of efficient remanence
carriers. Similarly, the dearth of anomalies near the
Hellas and Argyre impact basins does not necessarily
imply that a Martian dynamo did not exist when these
basins formed. Even if an ambient field was present dur-
ing the postimpact cooling period, acquisition of new
magnetization may have been limited by the absence
of large concentrations of magnetic remanence carriers
during this period.

4.2. Paleomagnetic Pole Positions

As noted in the introduction, a significant areographic
clustering of paleomagnetic pole positions estimated for
relatively isolated Martian magnetic anomalies would
(1) add support to the core dynamo hypothesis for
the origin of Martian paleomagnetism and (2) provide
a means of investigating past orientations of the ro-
tational pole with respect to the planet. The south
magnetic pole positions estimated in section 3 for the
two northern polar anomalies analyzed here are plot-
ted in Plate 3 together with the corresponding error
ellipses. (Since dynamo reversals are allowed, it is arbi-
trary whether the south or the north positions are plot-
ted here.) While additional pole positions are needed to
establish statistically a significant clustering, it is of in-
terest that these two positions are in the same general
areographic region, i.e., in an area between Olympus
Mons and the present rotational north pole. Moreover,
as discussed below, it is of interest that this region is
roughly near the location expected theoretically for the
orientation of the spin axis of Mars prior to the forma-
tion of the Tharsis mass anomaly.

Polar wander on Mars associated with the formation
of the Tharsis volcanic province and gravity anomaly
has previously been discussed and investigated by sev-
eral authors [Mutch et al., 1976; Melosh, 1980; Wille-
mann, 1984; Banerdt et al., 1992]. Although the ro-
tation axis of a planet remains fixed in space by an-
gular momentum conservation, any process that alters
the internal distribution of mass will cause the planet
to reorient itself with respect to that axis. The reorien-
tation is such that the axis of the maximum principal
moment of inertia becomes aligned with the spin axis,
thereby yielding a minimum-energy rotational state. In
particular, the addition of excess mass to a planetary
surface will tend to reorient the planet such that the
mass excess is moved toward the equator. The inter-
nal volcanic processes that led to the formation of the
very large Tharsis gravity anomaly would therefore have
led to such polar wander unless Tharsis coincidentally
formed on the rotational equator. For example, if Thar-
sis had originally formed 30° north of its present loca-
tion, the rotational pole before the formation of Tharsis
should be located near 60°N in the present areographic
coordinate system. If Tharsis is represented as a simple
point mass on the surface of a rigid sphere, the reorien-
tation would be exactly 30° southward with no change
in longitude. In reality, the gravity anomaly distribu-
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tion prior to the formation of Tharsis is not precisely
known, and other effects (e.g., oblateness of an elastic
lithosphere) may have tended to oppose the polar reori-
entation. Hence the actual polar shift may have been
more complex than this.

The most straightforward attempt to estimate the
location of the former pole of Mars prior to the for-
mation of the Tharsis region was reported by Melosh
[1980]. His approach was to attempt to remove the
Tharsis anomaly from the gravity field and recompute
the ancient pole position from the remaining gravity
anomalies. Specifically, the inertia tensor without the
Tharsis anomaly was constructed and diagonalized to
estimate the maximum principal moment orientation.
Using the gravity model of Sjogren et al. [1975], it was
found that the removal of the Tharsis anomaly results
in a shift of the pole by 25° in latitude to 95°W, 65°N.
The location of this theoretically predicted position is
indicated in Plate 6. Considering the errors associated
with the anomaly modeling of section 3, the theoretical
location is in reasonable agreement with the magnetic
pole position locations.

As pointed out by Melosh [1980], significant errors
are associated with the theoretical pole location. Most
important, because of the high amplitude of the Tharsis
anomaly compared to other gravity anomalies on Mars,
a small error in the residual gravity field would lead
to a large error in the predicted pole position. This is
especially true since the present gravity anomaly field
outside of the Tharsis region is not necessarily equal
to the gravity field prior to the formation of Tharsis
(including the preexisting field in the Tharsis region,
which is unknown). Other error sources include (1) the
difficulty of separating the dynamical (liquid behavior)
portion of the oblateness coefficient J; from the solid
body portion that contributes to the moment of inertia;
(2) partial isostatic compensation of the Tharsis surface
load; and (3) effects on polar stability of an elastic litho-
sphere. Willemann [1984] attempted to account for the
effects of an elastic lithosphere and partial compensa-
tion of the Tharsis load. According to his model, the
reorientation of Mars at the time of the formation of
Tharsis was only 3°-9° in latitude. Most recently, Zu-
ber and Smith [1997] have removed the Tharsis gravity
anomaly from the full Mars gravity field and conclude
that the formation of Tharsis may have resulted in po-
lar wandering but only if the planet’s elastic lithosphere
was thin enough to preclude retention of a fossil rota-
tional bulge. No prediction of the paleopole location
was given by these authors.

In addition to theoretical estimates of the pre-Tharsis
pole position, a number of authors have presented var-
ious geologic observations that were proposed as con-
straints on polar wandering on Mars. For example,
Mutch et al. [1976] proposed that the presence of fur-
rowed terrain in an approximate circle around Mars
tilted by 15° to the equator could represent geologic
evidence for planetary reorientation. They argued that
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the development of this terrain was controlled by fluvial
and meteorological processes that should be symmetric
about the ancient equator. On this basis they estimated
a paleopole position at 75°N, 110°W. Melosh [1980] esti-
mated the fracture patterns expected from a polar reori-
entation after the formation of Tharsis. However, other
tectonic fault processes may have been more dominant
because the expected fracture patterns were not recog-
nized except possibly for a north-south trending system
north of Tharsis. Later, Schultz and Lutz [1988] argued
that deposits similar to those presently observed in po-
lar regions are present elsewhere on the planet, includ-
ing in equatorial regions. On this basis they proposed
an extensive history of polar wandering occurring in a
series of relatively rapid polar shifts. However, most of
the inferred paleopole positions are not near the paleo-
magnetic pole positions of Plate 3. Also, other explana-
tions for the origins of some of the equatorial deposits
have been suggested [Scotl and Tanaka, 1982; Greeley
and Guest, 1987].

5. Conclusions

Although more detailed mapping and modeling of the
two northern polar magnetic anomalies considered here
should be performed in the future, the results of sec-
tions 2 and 3 and the interpretational analysis of sec-
tion 4 permit the following provisional conclusions to
be drawn:

1. Most of the northern polar lowland region is mag-
netically weak in comparison to the southern highlands
mapped earlier by the MGS magnetometer [Acunia et
al., 1999]. This relative absence of strong crustal mag-
netization is probably a consequence of the process (e.g.,
tectonic subcrustal erosion) that was responsible for
thinning the northern crust and generating the exten-
sive lava flows that cover the region.

2. The sources of the northern polar anomalies stud-
ied here formed prior to the immediate end of the heavy
bombardment (upper Hesperian) period. Considering
likely maximum depths to the Curie isotherm at the
time of magnetization acquisition, minimum magnetiza-
tion intensities for the sources of the north polar anoma-
lies are conservatively in the range of 1.3 — 3.0 x 10~*
Am?/kg (or emu/gm). These intensities appear to re-
quire enhanced titanomagnetite concentrations and/or
magnetic phases in addition to titanomagnetite in ig-
neous materials. Enhanced titanomagnetite concentra-
tions in more oxidized igneous rocks, plus a relatively
strong paleofield during early Martian history, could ac-
count for these inferred magnetization intensities.

3. These results imply that a former Mars core
dynamo existed prior to the upper Hesperian period.
Without further knowledge about formation mecha-
nisms for anomaly sources, no definite constraints can
be imposed on the time of cessation of the Mars core
dynamo.
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4, The paleomagnetic pole positions corresponding
to the bulk directions of magnetization inferred for the
northern polar anomaly sources both lie in a region
north of Olympus Mons and south of the present ro-
tational pole. This region is centered on approximately
50°N, 135°W and is not greatly distant from the loca-
tion (65°N, 95°W) estimated theoretically by Melosh
[1980] for the paleopole prior to the formation of the
Tharsis volcanic province and gravity anomaly.
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