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Magnetic Field and Plasma Observations at craft-generated magnetic fields. Instead, 
each magnetometer sensor is placed at the Mars: Initial Results of the Mars outer edge of the articulated solar nanels. 

Global Surveyor Mission 
M. H. AcuAa, J. E. P. Connerney, P. Wasilewski, R. P. Lin, 
K. A. Anderson, C. W. Carlson, J. McFadden, D. W. Curtis, 

D. Mitchell, H. Reme, C. Mazelle, J. A. Sauvaud, C. dlUston, 
A. Cros, J. L. Medale, S. J. Bauer, P. Cloutier, M. Mayhew, 

D. Winterhalter, N. F. Ness 

The magnetometer and electron reflectometer investigation (MAG/ER) on the Mars 
Global Surveyor spacecraft has obtained magnetic field and plasma observations 
throughout the near-Mars environment, from beyond the influence of Mars to just above 
the surface (at an altitude of -100 kilometers). The solar wind interaction with Mars is 
in many ways similar to that at Venus and at an active comet, that is, primarily an 
ionospheric-atmospheric interaction. No significant planetary magnetic field of global 
scale has been detected to date (<2 x lo2' Gauss-cubic centimeter), but here the 
discovery of multiple magnetic anomalies of small spatial scale in the crust of Mars is 
reported. 

T h e  Mars Global Surveyor (MGS) mag- for its representation, and to map the crust- 
netic field exneriment is identical to that al remnant field to a resolution consistent 
developed for the Mars Observer Mission with spacecraft orbit altitude and ground 
that failed to achleve Mars orbit in 1993 track se~aration. The Instrument c o m ~ l e -  
( I  ). The instrumentation provides fast vec- ment includes two redundant triaxial flux- 
tor measurements. (up to 16 samples per gate magnetometers and an electron reflec- 
second) of magnetic fields over a dynamic tometer (1 ). The vector magnetometers 
range of 0.005 to 65,536 n T  per axis. The provide in situ sensing of the ambient mag- 
fundamental obiectives of this investigation netic field in the vicinitv of the MGS 
are to establish'the nature of the mainetic spacecraft over the automatically selected 
field of Mars, to d e v e l o ~  a ~ ~ r o ~ r i a t e  models full-scale ranges of 1.4 n T  to ?65,536 nT,  

L L A  A 

with a digital resolution of 12 blts. The 
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Goddard Space Flight Center, Greenbelt, MD 20771, electron distribution function in the range 
USA. 
R. P. L I ~ ,  Space Sciences Laboratory and Department of eV to 20 KeV and sense 
Physics, Univers~ty of Caforna, Berkeley, CA 94720, the strength of the magnetic field down to 
USA. the top of the martian atmosphere using 
K. A. Anderson, C. W. Carlson, J. McFadden, D. W. 
Curts, D. Mtchel, Space Scences Laboratory, Universi- directional information provided the 
ty of Calforna, Berkeley, CA 94720, USA. vector magnetometer. This synergistic com- 
H. Reme, C. Mazelle, J A Sauvaud, C d'Uston, A. Cros, bination was designed to increase the sen- 
J L Medale, Centre d'Etude Spat~ale des Rayonne- sitivity and spatial resolution achievable ments, 31 209 Tououse Cedex, France. . . 
S. J. Bauer. Un~vers~tv of Graz and S ~ a c e  Research In- from martian orbit with the vector magne- 
sttute, A-8010 Graz, ~ u s t r ~ a  tometer alone. Electron reflection magne- 
P Clout~er, Department of Space Phys~cs and Astrono- tometry was first used on measurements 
my, R~ce Unversty, Houston, TX 77005, USA 
M Mayhew, Nat~onal Sc~ence Foundat~on Arnqton VA . from A ~ O l l o  l5 and l6 Particles and 
22230, USA. subsatellites 12). 
D. Wnterhalter, Jet Propulsion Laboratory, Cal~forn~a In- unlike Mais observer, MGS lacks a 
sttute of Technology, Pasadena, CA 91 109, USA. 
N. F. Ness. Bartol Research Institute. Unversltv of Dela- boom separate the space- 
ware, Newark, DE 19716, USA. craft body to reduce interference by space- 

- 
about 5 m from the center of the spacecraft 
bus. The electron reflectometer sensor is 
mounted directly on the spacecraft nadir 
panel. This "twin magnetometer" configu- 
ration does not allow the real-time estima- 
tion of spacecraft fields (3) but provides 
redundancv and the near real-time detec- 
tion and identification of spacecraft-gener- 
ated magnetic fields. This instrument con- 
figuration required the design and imple- 
mentation of magnetically "clean" solar ar- 
ray panels, which are used for aerobraking 
of the MGS spacecraft to achieve the final 
mapping orbit and are articulated about two 
orthogonal axes with respect to the space- 
craft bus. Therefore, the orientation of the 
magnetic field sensors with respect to the 
spacecraft is variable and follows that of 
the solar nanels, which are controlled to 
satisfy a variety of engineering require- 
ments. The  estimated accuracy of the 
measurements r e~o r t ed  here is 20 .5  n T  
before and after reconfiguration of the 
spacecraft for aerobraking, and 2.3 n T  
during the aerobraking phase. The  magne- 
tometer and electron reflectometer 
(MAGIER) designs have extensive space 
flight heritage, and similar versions have 
been flown in numerous ~ l ane t a rv  and 
space physics missions. The  instrument is 
operating nominally, and 2 to 16 vector 
samples per second of magnetic field data 
are acquired, depending on the telemetry 
rate supported by the telecommunication 
system. 

The MGS spacecraft was inserted ini- 
tially into a highly elliptical orbit with 
apoapsis >10 Rm (1  Rm = Mars equatorial 
radius = 3397 km) and periapses as low as 
112 km above the surface. The significant 
advantages of aerobraking orbits to the 
MAGIER investigation were recognized 
early in the planning of the observations. In 
these orbits the spacecraft dips below the 
bottom of the martian ionosphere, allowing 
the MAG/ER experiment to achieve high 
sensitivity and spatial resolution for the de- 
tection of weak crustal fields. In addition, 
high plasma densities expected at these low 
altitudes required a different measurement 
technique, so a Langmuir probe operational 
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mode was added to the electron spectrom- 
eter, by using the outer case of the electro- 
static analyzer as a swept bias collector. 

We report here results obtained during 
the first 83 aerobraking orbits of MGS. The 
initial orbit plane was essentially normal to 
the Mars-sun direction, with a highly in- 
clined line of apsides that placed the peri- 
apsis at 30" to 35"N latitude. As of orbit 83 
(5 January 1997) the apoapsis radius has 
been reduced to 7.2 Rm, the orbit has pre- 
cessed in local time to about the 2 a.m.-2 
p.m. plane, and the latitude of periapsis has 
increased to 43"N with a typical altitude 
range of 108 to 120 km. 

Solar wind interaction. As the space- 
craft approaches the planet, it first encoun- 
ters the bow shock at a distance of 2.33 Rm 
(12:33:24 UT) where the MAG/ER ob- 
serves energized electrons, a sudden in- 
crease in magnetic field strength, and fluc- 
tuations associated with the shock crossing 
and martian magnetosheath (Fig. 1). The 
magnetic field on the day-side sheath re- 
gion is turbulent, as determined by Phobos 
(4 ) ,  the plasma is strongly energized, and 
the shock strength approaches the theoret- 
ical maximum. The behavior of the mag- 
netic field as the spacecraft transits the 
ionosphere inbound and outbound implies 
that the solar wind is interacting directly 
with the martian ionosphere and neutral 

atmosphere in a Venus-like interaction 
rather than in a magnetospheric interaction 
(5). The decrease in magnetic field magni- 
tude within the ionosphere and the low- 
altitude magnetic field peak seen inbound 
(Fig. 1) just above the lower ionospheric 
boundary are typical characteristics of the 
Venus-solar wind interaction. The low 
field strength below the ionosphere (Fig. 1) 
rules out the possibility of a planet-wide 
magnetic field capable of providing a mag- 
netospheric obstacle. 

A mirror image signature, similar to the 
inbound lee. is observed on the outbound 
trajectory a id  bow shock crossing at 2.51 
Rm (13:59:23 UT) (Fig. 1). At the begin- 
ning of the MGS aerobraking phase the 
spacecraft's orbital plane is oriented nearly 
parallel to the terminator plane, where the 
bow shock crossings are roughly symmetric 
inbound and outbound (Fig. 1). As the 
orbit precesses in local time, the inbound 
bow shock crossine is encountered tailward - 
whereas the outbound crossing is encoun- 
tered sunward of the dawn-dusk plane, giv- 
ing rise to an asymmetry in the observed 
magnetic field and plasma profiles. 

The locations of all well-defined bow 
shock crossines for the first 83 orbits reveal 
a shock surfaGe that deviates from the av- 
erage shape derived from previous Mars 
spacecraft observations (Fig. 2) (6). These 

Fig. 1. Electron and magnetic field observations for day 262 (orbit 5). Electron fluxes (in units of cmF 
s-' sr-' eV-') are shown as line traces at five energies (10,50, 130,300, and 1000 eV; top to bottom, 
upper panel) and as a color spectrogram (second panel) with the relative density of cold ( 4 0  eV) 
electrons superimposed by using the same number of logarithmic intervals as the spectrogram's energy . 
scale. The next three panels show the magnetic field amplitude and root means square (RMS) and the 
spacecraft altitude. Vertical lines indicate the locations of the bow shock (BS), magnetic pile-up bound- 
ary (MPB), and ionospheric main peak (N,,,). 
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data remesent an extensive set of observa- 
tions of bow shock positions above and 
below the ecliptic plane of Mars. Several 
authors (7, 8) have noted the apparent 
independence of the martian bow shock 
position on upstream dynamic pressure. Be- 
cause our data were obtained near solar 
minimum, one possible explanation is that 
the bow shock shape depends on solar ex- 
treme ultraviolet (EUV) flux (5). However, 
Slavin et al. (6) found no evidence for a 
solar cycle effect between mid-solar cycle 
(Mars 2, 3, and 5) and solar maximum 
(Phobos 2). Because we now know that the 
obstacle is the ionosphere and neutral at- 
mosphere, another possibility is that the 
bow shock surface is asymmetric about the 
Mars-sun line because of obstacle asymme- 
tries that have been theoretically predicted. 
Cloutier et al. (9) described two possible 
sources of asymmetry associated with plan- 
etary photo-ion pickup: one associated with 
the convection electric field. accelerating - 
ions inward in one hemisphere and outward 
in the opposite hemisphere, and the other 
associated with the changing of the angle 
between the velocitv and mametic field " 
vectors with magnetic latitude. The kine- 
matics of newlv ionized ~lanetarv exo- 
spheric neutral atoms (primarily 0 + )  with 
large gyroradii could be important in defin- 
ing the morphology of the Mars-solar wind 
interaction, and predicted asymmetries of 
O+ ions have been observed at Venus (10). 
Viscous effects of solar wind flow over the 
ionosphere can also produce asymmetric 
drag (1 I),. A kinematic model by Brecht 
(1 2) produced an asymmetric shock flaring 
also aligned with the convection electric 
field, as might be expected from the 0+ 
mass loading asymmetry. It is therefore ex- 
~ec ted  that the bow shock Dosition mav 
respond to variations in the solar wind and 
interplanetary magnetic field orientation. 
The limited data set available to date pre- 
cludes a definitive correlation of the bow 
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Fig. 2. Location of Mars bow shock crossings 
observed by MGS during the first 83 orbits. Dis- 
tance (p) from the Mars-sun line (+x direction) is 
given for all bow shocks identified inbound (+) 
toward periapsis and outbound (')from periapsis. 



shock positions to IMF polarity and solar 
EUV flux. 

The observed bow shock positions (Fig. 
2) are variable, with a root-mean-square 
(rms) deviation about the average position 
near the terminator plane of about 0.5 Rm. 
Previous spacecraft observations at Mars 
show similar bow shock position variability, 
which is twice that observed at Venus (8). 
This variability could be associated with the 
presence of an intrinsic magnetic field 
strong enough to provide a degree of com- 
~ressibilitv to the effective solar wind ob- 
stacle. If this was the case, then the shock 
position should depend on the strength and 
morphology of the intrinsic field in addition 
to solar wind Darameters. However. all ob- 
servations carried out to date from the aero- 
braking orbits do not provide evidence for a 
global magnetic field of sufficient strength 
to contribute significantly to the effective 

Fig. 3. (Top) Projection of the MGS spacecraft 
trajectory and observed magnetic field (B) vectors 
onto the Mars orbit plane for day 262 (orbit 5). The 
field observed along the trajectory at 12-s intervals 
is represented by a scaled vector projection of B 
originating from the position of the spacecraft at 
such times. Distance is given in units of Mars ra- 
dius (3397 km), and field vectors are scaled to 20 
nT = 1 Rm. (Bottom) Projection of the MGS 
spacecraft trajectory and observed magnetic field 
onto a plane perpendicular to the Mars orbit plane 

size of the obstacle presented by Mars to the 
solar wind. 

The draping of the interplanetary mag- 
netic field around the ionospheric obstacle 
presented by Mars is clearly seen when the 
measured magnetic field vectors and the 
spacecraft trajectory corresponding to day 
262 (orbit 5) are projected onto the Mars 
orbit plane (Fig. 3). Turbulent magnetic 
fields and energized electrons are observed 
throughout the magnetosheath region, be- 
tween the bow shock and a characteristic 
boundary that we will refer to as the mag- 
netic pile-up boundary (MPB) (Figs. 1, 3, 
and 4). As the spacecraft passes into this 
region the magnetic vector rotates, its mean 
amplitude begins to increase, fluctuations 
are reduced, and energetic electron fluxes 
begin to decrease. Some of the observed 
features of the ionospheric magnetic field 
are similar to those predicted by magneto- 
hydrodynamics models of the martian ion- 
osphere (13). Observations of the solar 
wind interaction with the active comets 
Halley and Grigg-Skjellerup by the Giotto 
experiments (14) have shown evidence of 
the MPB, and similar magnetic field signa- 
tures were detected at Mars by the Phobos-2 
MAGMA instrument (15). Ion measure- 
ments by the ASPERA and HARP (16) 
experiments aboard the same spacecraft also 
identified an ion composition boundary in- 
side of which ions of planetary origin (that 
is, 0 + )  dominate (7). 

Periapsis altitudes for most MGS aero- 
braking orbits to date have been well below 

150 km. At  this altitude the ambient pres- 
sure is sufficiently high that the .electron 
reflectometer's high voltage must be turned 
off to avoid electrical discharge or arcing in 
the instrument. During this portion of the 
orbit, the Langmuir probe collector of the 
ER continues to operate. The probe data 
must be interpreted with care because the 
instrument is mounted on the spacecraft 
body and at times the field of view encom- 
passes the spacecraft's ion wake. The Lang- 
muir probe data obtained during the first 15 
orbits were unaffected by the spacecraft 
(Fig. 1). For orbits 20 through 36 the ER 
field of view was affected by ion wake ef- 
fects at 210-km altitude inbound, which 
disappeared at 310 km outbound, prevent- 
ing the measurement of the main iono- 
spheric peak (Fig. 4). For orbits 19 through 
36 periapsis was raised to 170 km, and for 
orbits 22 through 36 the ER main electro- 
static analyzer could be operated continu- 
ously, allowing electron data to be obtained 
at these low altitudes, with energies be- 
tween 1 eV and 20 KeV. At times cold (1 to 
<lo eV) and energetic (->50 eV) elec- 
tron fluxes were observed to be variable 
inside the MPB and often anticorrelated 
(Fig. 4). At altitudes between 300 and 500 
km (solar zenith angle between 75" and 
9O0), the energetic electron flux drops 
abruptly by nearly an order of magnitude 
(Fig. 4). This altitude range corresponds to 
the location of the martian ionopause as 
inferred from radio occultation profiles 
('7). The ER does not generally observe a 

and the Mars-sun line. The spacecraft trajectory is Fig. 4. Electron and magnetic field observations for day 308 (orbit 34). See caption to Fig. 1. Additional 
nearly confined to this plane at this time. vertical lines indicate the location of the ionopause (P). 
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large gradient in the cold electron density 
at the ionopause, as defined by the abrupt 
drop in energetic electrons, and significant 
cold electron densities are often observed 
above the ionopause (Fig. 4). Impact ion- 
ization at Mars' night-side ionosphere was 
reported by Verigin et al. (18). 

These cold electrons above the ionopause 
mav indicate the Dresence of clouds or 
streamers of cold ionospheric plasma detach- 
ing from the ionopause, as was frequently 
observed at Venus (1 9). The innermost plas- 
ma boundary for orbits 4 to 15 occurs at an 
altitude of 180 to 210 km, where the cold 
electron density reaches a maximum (Fig. 1). 
This is likely the ionospheric main peak (a 
Chapman layer was observed at high solar 
zenith angles, 90" to 95"), although its alti- 
tude is somewhat higher than expected on 
the basis of radio occultation data (20). lust . , ,  

below this peak the contribution of atmo- 
s~heric ~hotoelectrons to the 10- to 50-eV 
electron flux drops, permitting a rough de- 
termination of the location of the ionos~her- 
ic main peak when Langmuir probe measure- 
ments are unavailable (Fig. 4). Energetic 
electron fluxes do not decrease in the narrow 
altitude range sampled beneath the iono- 

(1 12 km) 

IY I 

nanoteslas Sun I 
l......l..l.........III.IIIII.I.Il...IIII 

-2 -1 2 
Distance (I 

Time (Declmal Day of Year 1997) 

Fig. 5. (Top) Projection of the MGS spacecraft 
trajectory and observed magnetic field onto a 
plane perpendicular to the Mars orbit plane and 
the Mars-sun line for periapsis pass number 6 on 
day 264. The field observed along the trajectory at 
3-s intervals is represented by a scaled vector 
projection of B originating from the position of the 
spacecraft at such times. Field vectors are scaled 
to 400 nT = 1 Rm. (Bottom) Magnitude of the 
observed magnetic field as a function of time for 
the interval of time represented in the top panel. 

sphere main peak because the spacecraft is 
still above the atmospheric absorption 
heights for these energies (120 km at 2 keV). 
The energy distribution of these electrons is 
solar wind-like, implying the existence of an 
access mechanism, presently unexplained, 
between low altitudes and the solar wind at 
Mars. 

Planetary magnetic field. Mars, like Ve- 
nus, lacks an appreciable magnetic field of 
internal oriein. The first observations of " 
magnetic fields and plasmas in the near- 
Mars environment were obtained bv the 
Mariner IV spacecraft as it passed within 
13,200 km (3.89 Rm) of Mars in 1965. The 
lack of a detectable radiation belt (21) or 
magnetic field signature (22) attributable to 
Mars led to the conclusion that a martian 
magnetic moment could not exceed 
that of Earth's di~ole  moment (8.0 X loZ5 
G-cm3). Subsequent observations were ob- 
tained by the Mars 2, 3, and 5 spacecraft in 
the early 1970s (21, 22) and the Mars Pho- 
bos-2 s~acecraft in 1989 (4). These mea- . , 
suremeks, even those obtained by Pho- 
bos-2 to altitudes of 850 km of the surface of 
Mars, did not provide evidence of an intrin- 
sic magnetic field. Several researchers sug- 
gested that there was a small intrinsic di- 
vole moment of about 1 x loZZ to 2 X loZZ 
i;-cm3 (23), whereas others said that no 
intrinsic field had been detected (4, 24). A 
magnetic moment of 1 x loZZ to 2 x loZZ 
G-cm3 would result in an equatorial surface 
field of 25 to 50 nT. 

MGS is the first spacecraft to obtain 
magnetic field observations beneath the 
ionosphere (-170 to 200 km) in a region 
shielded from the confounding effects of the 
solar wind interaction with Mars, its atmo- 
sphere, and ionosphere. The magnetic fields 
associated with the MPB and the iono- 
spheric obstacle presented to the solar wind 
can reach levels that could be confused 
with those arising from a planetary field of 
internal origin. Hence, the importance of 
obtaining measurements well below the 
bottom of the ionosphere cannot be over- 
emphasized. The observations of day 262 
(Figs. 1 and 3) illustrate one of many peri- 
apsis passes during which a relatively weak 
field ( 5 5  nT) was observed beneath the 
ionosphere. From this and similar periapsis 
passes at different longitudes we conclude 
that any present-day global-scale magnetic 
field cannot exceed an equatorial field 
strength of 5 nT. This represents an upper 
limit for a Mars dipole moment of -2 x 
lo2' G-cm3, about a factor of 5 or 10 small- 
er than the most recent estimates derived 
from the Phobos results. The accuracy of 
the lower bound estimate for the magnetic 
moment is presently limited by our incom- 
plete knowledge of the MGS spacecraft 
field in the aerobraking configuration. It is, 

however, already clear that the immediate 
environment of Mars and its interaction 
with the solar wind is not significantly in- 
fluenced by a global-scale, planetary mag- 
netic field like that associated with all of 
the major planets in our solar system (25) 
except Venus and perhaps Pluto. 

The lack of an appreciable present-day 
planetary magnetic field at Mars, coupled 
with the knowledge that Mars most likely 
had such a field in the past, suggests that its 
dynamo simply stopped working some time 
ago. This observation constrains the com- 
position and thermal history of the Mars 
interior. Dynamo generation of a magnetic 
field in the interior of Mars requires the 
convective motion of an electrically con- 
ducting fluid interior, as well as a source of 
energy-for example, solidification of an 
inner core and resulting thermal convec- 
tion-to power the dynamo. Models of the 
composition and thermal history (26) sug- 
gest several possibilities for the extinction 
of a once active Mars dvnamo. A differen- 
tiated Mars interior is assumed to have an 
iron-rich core with a radius of about 1500 
km (26). The presence of a lighter alloying 
element, sulfur, in the fluid core essentially 
determines if a solid iron inner core ever 
forms, or if so, how long the process takes. 
A core with more than about 15 weight % 
S does not form a solid inner core; one with 
substantially less forms a solid inner core 
that grows rapidly on a geologic time scale 
once it begins to freeze out. The less weight 
% S in the core, the earlier solid core 
formation begins. The lack of a present-day 
magnetic field suggests that the core has 
either largely frozen out (small initial 
weight % S) or never formed (large initial 
weight % S). If we can date the extinction 
of the dynamo by analysis of the distribu- 
tion of magnetic anomalies in the Mars 
crust, we may be able to estimate the weight 
% S in the core as it initially formed. 

Crustal maenetic anomalies. MGS aero- 
D 

braking maneuvers have provided 83 periap- 
sis passes with close-approach altitudes be- 
tween 100 and 170 km. Most periapses have 
occurred at an altitude of about 110 km, 
between 32" and 35"N latitude, and are 
more or less randomly distributed in longi- 
tude. During many of these passes, the MAG 
experiment on MGS recorded large magnet- 
ic fields when the MGS spacecraft was be- 
neath the ionosphere and close to the sur- 
face of Mars. The magnetic field profile ob- 
served during one such pass (day 264, orbit 
6) shows a magnetic signature that is not of 
global scale; it is localized to a segment of the 
spacecraft trajectory that passes closely over 
the Mars crust (Fig. 5, top). Two isolated and 
distinct magnetic anomalies were actually 
observed along this trajectory, the largest 
near 32.9"N latitude, 22.4'W longitude, and 
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the smaller near 22.8ON latitude and 23.6"W 
longitude (Fig. 5). 

The small spatial scale of these features 
can be appreciated by noting how far the 
spacecraft moves along the trajectory in the 
time spanned by the magnetic field signa- 
ture. Quantitatively, the signature width is 
measured by joining the two points where 
the field strength is equal to half the maxi- 
mum field measured [full width at half max- 
imum (FWHM)]. The FWHM of the larger 
magnetic signature is about 50 s in duration, 
during which time the spacecraft moves 
-218 km. A reasonable estimate of the dis- 
tance to the source (upper limit) may be 
obtained without detailed knowledge of the 
source by assuming that it is produced by a 
vertically aligned dipole of finite extent lo- 
cated just beneath the spacecraft trajectory. 
The distance to the top of such a source is 
estimated to be -200 km if the pole separa- 
tion is small ( 4 0  km) or -150 km if the 
pole separation is large (>I00  km) com- 
pared with the distance to the source. This 
translates to an estimated depth in the crust 
of between 40 and 90 km, allowing for the 
112-km spacecraft altitude at the time of 
measurement. The presence of this pair of 
anomalies has been confirmed by a subse- 
quent periapsis pass over essentially the same 
ground track but at a higher altitude. Nearby 
periapsis passes suggest that these features 
may be par;t of a larger system of east-west- 
trending' linear anomalies. 

Additional magnetic anomalies have 
been observed during other periapsis passes, 
all characterized by a FWHM roughly com- 
parable to the spacecraft altitude at the time 
of observation. This suggests that the spatial 
extent of the sources is not significantly larg- 
er than the altitude of the spacecraft (- 110 
km at periapsis). Noting that the magnetic 
field of a dipole decreases as the cube of the 
distance from the source, it is clear that we 
can detect crustal anomalies within a band 
of planetary latitudes (+IS0)  centered on 
the latitude of periapsis (32" to 35"N thus 
far). For us to detect the same anomaly on a 
subsequent periapsis pass, the sub-spacecraft 
orbit track must pass within a few degrees in 
longitude of the anomaly (2' of longitude at 
the equator = 120 km) at periapsis. 

A sufficiently dense and uniformly dis- 
tributed sampling of the Mars crust is re- 
quired for mapping purposes at spatial reso- 
lutions consistent with the MGS orbit alti- 

er, we note that anomalies with positive and 
negative radial moments have been detect- - 
ed, and that the largest anomalies (peak field 
magnitudes >I00 nT) detected with the 
narrow band of latitudes sampled thus far 
(near 30°N) do not appear to be randomly 
distributed in longitude. These appear to be 
concentrated in the 120" longitude sector 
between 270" and 30°W longitude, roughly 
coincident with the most heavily cratered 
and oldest terrain at this latitude. This is 
contrary to some earlier proposals (27) that 
assumed that the largest magnetic anomalies 
would be found in association with relatively 
young volcanically emplaced material in the 
Tharsis region (90' to 150°W longitude). 

A reasonablv detailed maD of crustal mag- 
netic anomalies provides valuable clues re- 
garding the early history of the Mars dyna- 
mo, crustal evolution, and composition. A 
possible origin of such anomalies involves an 
iron-rich magma (intrusive, impact, or ther- 
mal event) cooling in the presence of a 
primordial Mars magnetic field and acquir- 
ing a permanent remnant field that records 
the orientation of the global Mars magnetic 
field at that enoch. The extinction of the 
dynamo would then leave those anomalies 
that are not obliterated bv subseauent ther- 
mal events,as a permanent record of the 
paleofield and crustal evolution. 

The magnitude of the magnetic field 
observed at satellite altitude implies a 
source in Mars' crust with a magnetic mo- 
ment of - 1.6 X 1016 A-m2 (1  A-m2 = lo3 
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aerobraking orbits have been distributed the changing orientation of locallv magne- - - 
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