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0, (molecular). It is thus possible that CO, will
finally dissociate into its constituent elements,
at multimegabar pressures, directly from the
a-quartz phase.
The stability of the a-quartz structure over
such a large pressure range is surprising, particularly when compared with SiO,, where
a-quartz 1s observed to transform into coesite at
2.1 GPa and then into stishovite at 7.6 GPa. We
suggest that CO, behaves differently because
the C sp3 hybrid is energetically closer than the
Si sp3 hybrid to the p state of the bridging
oxygen. Structurally, this implies stabilization
of a more covalent C
a bond and, more
specifically, a decrease of the C U C bending
angre with respect to Si-O-Si. T h s is consistent with our observation that the C-O-C bending angle in all fourfold coordinated CO, structures is systelnatically lower than the corresponding values for SiO, (for a-quartz at zero
pressure, we find for CO, a bending angle of
137", compared with a value of 144" for SiO,).
Preference for low C+C bending angles may
then explain why CO, cristobalite, where all
bending angles are fixed by symmetry to 180°,
and coesite, where the same is mle for one of
the bending angles, are energetically disfavored
(Fig. 2). This may also be the rationale for the
appearance of the layered-CO, st~-tlcture,and
m-chalcopyrite, where the bending angles are
found to be about 109" at all pressures.
If a-quartz CO, could be quenched to
zero pressure, we isedict that its lattice parameters u~ouldbe a = 4.13 A and c = 4.5 8
A, its density 3.28 g/cm3, and its bulk modulus 183 GPa. It would be insulating, with an
energy gap that we estimate to be around 10
eV (18). We also calculated the piezoelectric
strain coefficient (19) of a-quartz CO, at zero
pressure, and found it to be 1.0 pC;N, about
40% that of SiO,, possibly as a result of the
lower ionicity of a-quartz CO,. Finally, we
give an estimate of the relative value of the
second harmonic intensity I,, of a-quartz
CO, with respect to that of a-quartz SiO,.
I,, is proportional (20) to the square of the
)
can be
second-order susceptibility x ( ~ that
estimated with Miller's rule (21), and the fact
that first-order susceptibility roughly scales
linearly with electron density and with the
inverse square of the energy gap. I,, of
a-quartz CO, estimated in this way is about
50 times larger than that of a-quartz SiO,.
Notote added in proot Recently, Iota et ul.
(22) have shown that, in agreement with our
findings, quartzlike CO, can in fact be synthesized above 40 GPa and 1800 K.
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Global Distribution of Crustal
Magnetization Discovered by
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MAGIER Experiment
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Vector magnetic field observations of the martian crust were acquired by the
Mars Global Surveyor (MCS) magnetic field experimentlelectron reflectometer
(MAGIER) during the aerobraking and science phasing orbits, at altitudes between -100 and 200 kilometers. Magnetic field sources of multiple scales,
strength, and geometry were observed. There is a correlation between the
location of the sources and the ancient cratered terrain of the martian highlands. The absence of crustal magnetism near large impact basins such as Hellas
and Argyre implies cessation of internal dynamo action during the early
Naochian epoch (-4 billion years ago). Sources w i t h equivalent magnetic
moments as large as 1.3 X l o q 7 ampere-meter2 in the Terra Sirenum region
contribute t o the development of an asymmetrical, time-variable obstacle t o
solar wind flow around Mars.

The primary science goals of the MAGiER
investigation are the detection and characterization of the magnetic field of the planet and the
study of its interaction with the solar wind.
Vector measurements of the ambient magnetic
field are acquired by a twin fluxgate magnetometer system. An electron reflection analyzer
is used to remotely sense magnetic fields of
planetary origin at the top of the martian amlosphere and to provide information about the
local electron distribution function (1, 2). Measurements made early in the mission established unambiguously that Mars does not cur'NASA Goddard Space Flight Center, Greenbelt, M D
20771, USA. 'Bart01 Research Institute, University of
Delaware, Newark, DE 19716, USA. 3Space Sciences
Laboratory, University of California, Berkeley, CA
94720, USA. 4Centre d'Etude Spatiale des Rayonnements, 31028 Toulouse Cedex 4, France. 'Department
o f Space Physics and Astronomy, Rice University,
Houston, TX, 77005, USA.

rently possess a significarlt global magnetic
field, with an estimated upper limit for a mars
dipole moment of -2 X 10" A-m2.
At the same time the detection of strong,
small-scale clustal magnetic sources associated with the ancient, heavily cratered terrain
revealed that Mars must have had an internal
active dynamo in its past, which is now extinct (1).
The frst part of the aerobraking phase of
MGS (AB1) was canied out between Septeinber and November 1997 and was followed by
aerobrakmg hiatus orbits (AHO) and science
phasing orbits SPOl and SPO2 from March to
July 1998. The latter were designed to allow the
heliocentric motion of Mars to bring the spacecraft orbit plane into the desired alignment with
the Mars-sun direction before initiating the second aerobralung phase AB2 and "pop-up" maneuver wlich would raise periapsis to achieve
the final mapping orbit. These recently com-
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pleted maneuvers circularized the orbit at
-380-km altitude in the 2 a.m.-2 p.m. local
time plane. During ABI, AHO, SPOI, and
SP02 the latitude of periapsis, starting
around -30"N, progressed slowly toward and
over the north pole, allowing detailed sampling
of this region at altitudes between 170 and 200
km. The AB2 phase started in late December
1998 lowered periapsis altitude to -100 km
and introduced rapid southward progression of
periapsis latitude, reaching a maximum of 87"s
before the termination of aerobraking. Magnetic field measurements were performed during
most of AB2 for periods of 30 to 60 min
centered around periapsis.
The instrumentation associated with the
MAGER investigation has been described in
more detail in (1)and (2) and a brief summary is given in (3). Using data compression,
the fluxgate magnetometers are capable of
acquiring up to 32 vector samples per second
when downlink rates are high, but here we
report results obtained with "full word" 12bit vector samples that occurred every 0.75 to
3 s dependingon the selected data rate. This
sampling rate was sufficient for the unaliased
detection of crustal magnetic sources at altitudes >lo0 km and a spacecraft velocity at
periapsis of -4 km s-'. The estimated accuracy of the measurements is 2 3 nT (4). We
report here observations carried out during
the 916 elliptical orbits for which magnetic
field data were acquired, from the start to the
end of AB 1, through AHO, SPOI, and SP02,
and to near the end of AB2 when spacecraft
resource limitations could no longer support
data acquisition. Longitude coverage was
globally distributed but sparse. Considering
that the equivalent "pixel" size of the magnetic field observations can be represented as
a square with a side dimension about equivalent to the orbital height, the spatial coverage achieved below 200 km amounts to
-20% of the surface of the planet.
The dense spatial coverage achieved by
the MGS orbit over the north pole of Mars
made possible the detailed mapping of several relatively weak but discrete magnetic
source regions centered around 330°W longitude and extending from 60°N to almost
90°N in latitude (Fig. 1). The highly elliptical
orbit of MGS with varying periapsis altitude
introduced complications in the modeling and
estimation of possible source geometry and
strength (magnetic moment). As the spacecraft altitude increased, the shorter spatial
wavelengths associated with the crustal
sources were attenuated. Magnetic profiles
obtained on adjacent passes (nearby in longitude), when plotted as a function of time, may
appear different if the altitude was variable.
The MGS observations over the north pole of
Mars were acquired over periapsis altitudes
between 170 and 200 km, which results in
negligible variation in magnetic profiles of

the sources over adjacent orbits. An additional source of error is the contribution of "magnetic noise" by ionospheric currents induced
by the Marssolar wind interaction, which
becomes important above 120 to 150 km. The

reduction of source geometry and strength to
a common altitude using continuation methods similar to those used for terrestrial magnetic anomalies (5) has not been carried out.
Because the draping of the interplanetary
180"

180"

Fig. 1. Polar stereographic projection from 55ON latitude t o the north pole of Mars. (Left) Radial
(vertical) component of the field, where blue represents the magnetic field direction into the planet
and red represents the direction out of the planet. The spacecraft periapsis altitude was -170 km
during this time. Data taken between 170 and 200 km have been organized in 100 km by 100 km
bins, median sorted, and smoothed t o yield the contours shown. (Right) Mars north polar region
image of topography corresponding t o the left panel above included for reference (16). The north
polar ice cap of Mars is the white, scalloped region visible in the center of the figure and is elevated
above its surroundings by -3 km.

--

Fig. 2. Map showing the location and intensity of crustal magnetic sources detected by the MGSMAGIER experiment superimposed on a topographic image of Mars (16). The measured radial
(vertical) component of the magnetic field associated with the crustal sources is illustrated by the
color scale shown. No correction has been made for the varying spacecraft altitude, which results
in attenuation of the small-scale signature of the sources with increasing altitude. The dichotomy
boundary is marked by the solid line separating the northern lowlands from the southern highlands
(8). Data acquired at altitudes between -100 and 200 km for 916 elliptical orbits are included. The
color scale has been chosen t o illustrate the relative intensity of the crustal sources. Note the large
range in magnetic field intensity associated with this color scale versus that shown in Fig. 1.
l.sciencemag.org
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sorted into 100 lan by 100 lan regions and the
median value of the bins determined. This procedure yielded smoothed isocontours of the
radial component of the crustal magnetic field
which range from -40 nT to +40 nT at 170 to
200 km (Fig. 1). This process yielded estimated
uncertainties ranging from -3 to 10 nT, dew pending on the number of estimates in each bin,
resulting in smaller uncertainties at higher latitudes. An approximate calculation using a sinw gle-dipole model at -100-km depth yields an
equivalent moment of -1016 A-m2 for these
sources. There were no other crustal magnetic
sources in this region of the northern lowlands,
which is one of the youngest geological provinces of Mars as determined by the low impact
crater density and evidence of repeated volcanism. No gravity, topography, or geological
rp
feature has been associated with the north polar
magnetic sources detected by MGS although
the presence in this region of significant gravity
-a anomalies is suggestive (7) of an association
with deep, iron-rich concentrations in the crust.
The Mars-solar wind interaction is primarily atmospheric in nature ( I ) , and the
pronounced draping of the interplanetary
magnetic field over the ionosphere in the
north polar region, superposed with the magnetic field from the crustal sources, gives rise
to asymmetries and the formation of localized
Earth-like "cusps" andlor magnetic reconnecFig. 3. Map showing the distribution of crustal magnetic field sources superimposed on a map showing
the distribution of craters greater than 15 km in diameter (8) and the dichotomy boundary (solid line).
tion regions where plasmas from the martian
The spacecraft tracks below 200-km altitude have been projected onto the surface as light green thick
ionosphere, its comet-like tail, and the solar
lines t o illustrate the orbital coverage. The thickness of the subsatellite tracks has been chosen to
wind can intermix.
approximate the equivalent "pixel" i z e for the observations as discussed in the text. The measured
Contrary to the observations in SPOl and
radial (vertical1com~onentof the magnetic field associated with the crustal sources is illustrated using
SP02, as the latitude of periapsis progressed
a colo; scale that reveals the locatiocof significant magnetic sources detected regardless of intensiG
southward in the AB2 phase (in 3 weeks), more
Note the high correlation between the region where magnetic crustal sources appear and high crater
densities (ancient terrain) and the absence of magnetic imprints within the Hellas, Argyre, and lsidis
frequent and intense crustal sources were deimpact basins. No magnetic signatures have been found over Elysium, Olympus Mons, or Tharsis
tected, particularly in the range of 120°W to
Montes.
210°W and 30°S to 85OS, where total fields as
large as -1600 nT at orbital altitude (-100
km)were observed (radial component shown in
Figs. 2 to 4). Because of the sparse coverage
over these regions, it was not possible to bin
and median sort the data. Superposition of data
obtained for multiple nonoverlapping orbits
over the planet's surface was used to identify
and map the distribution of magnetic sources in
the martian crust. The wide dynamic range in
the strength (magnetic moment) of the sources
makes their graphic visualization difficult with
linear color scales on a global map (Fig. 2),
although this map helps to illustrate the relative
location and intensity of the sources. The weaker magnetic sources disappear in the background, overwhelmed by more intense sources.
In order to approximate a logarithmic representation of field magnitude, the color scale was
Fig. 4. Polar stereographic projection from 55'5 t o the south pole of Mars. (Left) The radial
adjusted to make all the sources look similar
(vertical) component of the magnetic field is illustrated using the same color scale as Fig. 3.
using a highly compressed color scale. InforCoverage of this region is sparse and does not allow binning, sorting, and smoothing as done for
mation about their relative intensity is lost, but
Fig 1. Superposition of magnetic field data acquired from largely nonoverlapping orbits is shown
the
location and approximate morphology of all
instead. Note the change in intensity scale with respect t o Fig. 1. The polar stereographic projection
the sources detected were enhanced (Figs. 3 and
provides a more realistic spatial illustration of the Terra Sirenum crustal sources, where linearly
4). The majority of the crustal magnetic sources
structured magnetic field sources are found. (Right) Mars south polar region topographic image
corresponding t o the left panel above included for reference (16).
lie south of the dichotomy boundary on the

magnetic field over the martian ionosphere
due to the solar wind interaction results in
mostly horizontal components parallel to the
planet's surface (6),the radial component of
the crustal field is largely free of ionospheric

contributions and may be used as a sensitive
indicator of the presence of magnetic sources
in the crust.
The data from the north polar region where
MGS coverage was dense were binned and

*
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ancient, densely cratered tel~ainof the highlands and extend -60' south of this boumdaiy
(Fig. 3). The ci-c~staldichotomy is the geologic
division between the hea~ilycratered highlands
to the south and the relatively young. smooth
plains to the 1101th where the cl-t~stis thinner (5).
There is an apparent coi~elationbehveen the
location of the sources and the impact crater
densities (8) in this region caused piiinaiily by
the modification of the ancient cnlst over impact basins, but no association between individual craters and magnetic sources has been
found. No magnetic sources were detected over
Tharsis, Elysium. \;alles ivIarineiis, or any of
the other rnajor,inal-tian volcanic edifices. The
large impacts that folmed the Hellas and Argyre basins and that are believed to haye
foi~nedin the early Naochian epoch [-4 billion
years ago (Ga)]; are also not associated with
magnetic sousces (Fig. 3). The absence of cmsta1 magnetism in these basins and their surroundings implies that the Mars dynamo had
already ceased to operate when these impact
basins were fornled. about 3.9 Ga. This evidence s~~ppoits
the models of a hot early Mars
iinmediately after accretion (-4.5 Ga), followed by rapid cooling and c~ustformation (9>
10). The dynamo operated perhaps for a few
hundred million years after accretion before
shutting off. and the ancient, iron-rich ciust
fonned and cooled below the C~uiepoint (11)
during this time. The forrnation of the dichotomy bounda~ypostdates the cessation of dynamo
action because of the clear magnetic differentiation behveen the tell-ains on either side of the
boundary. There was no magnetization of the
crust 1101th of the dichotomy boundaly in
spite of active volcanism and magmatic flou-s
because dynamo action had ceased. Crustal
magnetization can also be destroyed by reheating or re\vorl<ing of the cmst without
altering its composition. The so~~thernmost
limit of the crustal magnetization region appears to be associated with the destruction or
inodification of the magnetized cnlst by the
impacts that created the Xrgyre and Hellas
basins. For the Hellas basin, a discontinuous,
outer ring of magnetization was obsened to
the north\vest and east of the basin in the
global distribution maps. pel.haps indicating
the maximuin extent of alteration of the crust
by the impact. In the north, the impact that
forined the Isidis basin also left a clear iinprint that is reflected in the shape of the
dichotolny boundaiy in this region and the
absence of magnetic cmstal sources within
the basin. This evidence shows that any processes that took place after the cessation of
dynamo action only modified the ancient?
magnetized, thin ciust through deep impacts,
nlagmatic flows. tectonics, or reheating
above the Curie point. The MGS magnetic
field data therefore are consistent \vith a model in which the dichotomy boundaiy is
foimed by the combined effects of large im-

pacts. induced volcanism, magmatic flows,
and widespread tectonism (12).
These results place constraints on current
models of Mars inteiior and thermal evolution
and the assumed sulfilr content by ~veightof the
core. This is a critical parameter in theoretical
models of interior evolution (differentiation into
a ciust, mantle, and core) that detelmines how
fast and if a solid core forms (10). The martian
~neteoiitesdo not exhibit magnetic propel-ties
that are consistent with the magnetization required to explain the strength of the crustal
sources (1) and hence may not constitute reliable indicators of the early interior composition
or intensity of the mai-tian paleofield. Our results also imply that the martian dynamo may
not have played a significant role in controlling
the loss of volatiles froin Mars because of its
shost life time, supporting calculations of the
rate of loss of oxygen ions (or water loss) due to
ion pick-up by the solar wind that assume the
absence of a magnetic field since the time of
planetary accretion (1, 13).
The most intense magnetic crustal somces
detected by MGS-MAG;ER lie in the Terra
Siren~unregion (120"W to 210°W; 30"s to
85"s) lvhere measured total field intensities at
- 100-lun altitude exceeded 1500 11T (Figs. 3
and 4). The estimated total net magnetic moment of this region was computed using the
measurements acquired in the circular orbit at
400-km altitude and amounts to - 1.3 X 10"
A-m2 This moment is sufficiently high such
that the resulting magnetic fields in and above
the ionosphere locally increase the total pressure (thel~l~al
plus magnetic) that stands off and
deflects the solar wind at Ivlars, resulti~lgin a11
asqnunetric bow shock when this region rotates
tlrough the sunlit side of the planet. This configuration also results in the forrnation of extended? multiple. Earth-like magnetospheiic
"cusps" and magnetic reconnection regions
with the intelplaneta~ymagnetic field, similar
to those folmed over the north polar crustal
sources discussed earlier. Connerney et 01. (14)
present analytical models of the extended
somces in the Terra Sirenurn region and their
implications. The MGS-bIAG.ER results also
refine interpretations of data obtained by previous Mars nlissions and the long standing debate
over the existence of a planetaiy magnetic field.
Phobos 2 investigators speculated on the possible existence of a field noting 8-; 12- and
24-hour peiiodicities in spectral analyses of
magnetic field data taken along the orbit of
Phobos 2 (15). On the basis of the MGS-MAG;
ER observations, we conclude that the Tewa
Sirenun1 crustal magnetic sousces may have
been responsible for the obsel~edpeiiodicities
in the measured field. The 24-hour peliod corresponds to Mars' rotation rate. \vhile the 8- and
12-horn periodicities arise as a result of the
coim~lensurabilitybetween the mai-tian rotation
peiiod and the orbital peiiod of the Phobos 2
spacecraft (-8 hours).
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