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The magnetic properties experiments are designed to help identify the magnetic
minerals in the dust and rocks on Mars—and to determine whether liquid water was
involved in the formation and alteration of these magnetic minerals. Almost all of
the dust particles suspended in the martian atmosphere must contain ferrimagnetic
minerals (such as maghemite or magnetite) in an amount of �2% by weight. The
most magnetic fraction of the dust appears darker than the average dust. Magnetite
was detected in the first two rocks ground by Spirit.

The history of liquid water on Mars may be
reflected in the magnetic minerals present in the
surface materials on Mars today: If liquid water is
present in an oxidizing environment, Fe2� ions in
solution will oxidize to Fe3�, and new minerals
will form. In general, the magnetic minerals in the
(�3-�m-diameter) atmospheric dust particles will
provide information on the formation and alter-
ation processes that have taken place globally on
Mars. The Viking Landers (1976) and the Mars
Pathfinder Lander (1997) carried permanent mag-
nets (1–3) designed to investigate the magnetic
properties of the martian soil (4) and the dust
particles suspended in the atmosphere. The main
conclusion of these investigations was that the
martian soil and dust on average must contain
about 2% by weight of a strongly magnetic (fer-
rimagnetic) mineral. This mineral could be
maghemite (�-Fe2O3, saturation magnetization
�s � 70 A m2 kg�1), or magnetite (Fe3O4, �s �
92 A m2 kg�1). Each of the Mars Exploration
Rovers carries seven permanent magnets (5). The
Magnetic Properties Experiments (MPEs) on the
rovers are designed to (i) identify the magnetic
mineral(s) in the dust on Mars; (ii) establish if all
airborne particles contain magnetic minerals; and
(iii) provide qualitative information of the magne-
tism of a few selected rocks (5–7).

Four small cylindrical magnets are inte-
grated into the Rock Abrasion Tool (RAT)
on the rover. The purpose of the RAT
magnets is to detect magnetic minerals in
the abraded rock material. The two stron-
gest RAT magnets are identical (both
named 1), and the maximum value of mag-
netic field and magnetic field gradient is
B � 0.28 T and 	�B� � 350 T m�1. The
remaining two magnets are weaker: B �
0.10 T and 	�B� � 120 T m�1 for type 2,
and B � 0.07 T and 	�B� � 80 T m�1 for
type 3, respectively. The weak magnets can
only attract and hold particles that have a
high magnetization.

Before operations of the RAT, the RAT
magnets attracted reddish magnetic particles
from the atmosphere, and the spectrum of the
attracted dust from sol 30 (8) is similar to the

spectrum of bright surface soil (Fig. 1). After
brushing of the rock Adirondack (9), more
dust is present on the RAT magnets, but the
color is still reddish (the rock was covered
with a thin layer of reddish dust). After grind-
ing of the rock Humphrey, the dust attracted
to the magnet is much darker and nearly
black. The spectrum is consistent with the
presence of magnetite and dark basaltic rock
material. Because even the weak magnets
have attracted a large amount of dark dust, we
conclude that the rocks must contain at least
a few percent of a dark ferrimagnetic mineral,
probably magnetite. The result is corroborat-
ed by the Mössbauer spectra of the rocks
Adirondack and Humphrey (10), which show
the presence of magnetite.

The capture and filter magnets are placed at
the front of the rover near the base of the
Pancam mast. The two magnets attract atmo-
spheric dust, which can be analyzed by the
Pancam and by the instruments on the robotic
arm (7). An image of the capture magnet ac-
quired with the Microscopic Imager shows the
dust pattern in detail (11). Both magnets
(Sm2Co17) have a diameter of 25 mm and are
embedded in an aluminum structure with a
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Fig. 1. The RAT mag-
nets. (A) Pancam im-
ages from sol 30
(before any RAT oper-
ations), sol 34 (after
brushing the rock Ad-
irondack), and sol 68
(after grinding the
rock Humphrey). The
location of the indi-
vidual magnets (type
1, 2, and 3) is shown
with numbers. (B)
Spectra of bright sur-
face soil and dust on
RAT Magnet 1 from
sol 30 and sol 68. The
ordinate is the cali-
brated reflectance.
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diameter of 45 mm (5). The capture magnet
(Fig. 2A, top) is very strong, with maximum
values of the magnetic field and field gradient
of B � 0.46 T and 	�B� � 550 T m�1. The filter
magnet (Fig. 2A, bottom) is weaker: B � 0.2 T
and 	�B� � 34 T m�1. The capture magnet is
strong enough to attract and hold all paramag-
netic and ferrimagnetic particles. The filter
magnet, however, will (almost) only attract par-
ticles with a high value of magnetic suscepti-
bility (
 � 10�4). Therefore, the dust particles
in the atmosphere will be “filtered” according
to their magnetic properties.

The amount of dust on the capture magnet
is higher than the amount of dust on the filter
magnet (Fig. 2A) by a factor of �2 (a rough
estimate based on the absorption at 440 nm
early in the mission). This observation sup-
ports the view that the airborne particles have
a saturation magnetization of about �s � 2 A
m2 kg�1 (5). Furthermore, small differences
are observed in the visible–near infrared
spectrum of the area where dust has accumu-
lated on each magnet (Fig. 2B). The filter
magnet is not yet optically saturated with
dust, so the reflectivity at 440 nm is relatively
high. At wavelengths above 750 nm, the dust
accumulating on the filter magnet has lower

reflectance than the aluminum surface,
whereas the opposite is true for the material
accumulating on the capture magnet. This
shows that the dust on the filter magnet is
intrinsically darker than the dust on the cap-
ture magnet. The darker particles thus have
higher magnetization.

The sweep magnet is on the solar panels
close to the Pancam calibration target (5, 7),
where it attracts dust from the atmosphere. It
is a ring magnet (Sm2Co17) with an outer
diameter of 9.0 mm, embedded in an alumi-
num structure. The maximum value of the
magnetic field and field gradient at the sur-
face of the magnet is B � 0.42 T and 	�B� �
450 T m�1. The size and direction of the
magnetic field and field gradient prevent par-
ticles with magnetic susceptibility larger than
10�6 m3 kg�1 from settling in the circular
area inside the ring, called the sweep area (5).
The sweep magnet is visible in many images
of the Pancam calibration target acquired dai-
ly during the mission (Fig. 3A). The sweep
magnet ring was optically saturated with red
dust around sol 25 (at 440 nm). The dust on
the ring shows an absorption spectrum (Fig.
3B) similar to the spectrum of the reddish
bright soil on Mars (12–15). The main ab-

sorption features are due to the charge trans-
fer band in an Fe3� compound. The lack of
structure in the spectrum supports the view
that the martian dust and soil are magnetic
composites of multiple phases.

Outside the magnet, no magnetic force is
present, and this surface will collect an
amount of dust corresponding to the general
sedimentation taking place everywhere. The
spectrum of the area outside the magnet (Fig.
3B) shows an amount of reddening that is
consistent with the reddening observed on the
Pancam calibration target (12). The third
spectrum—of the circular area inside the
ring—is similar to the spectrum of a clean
aluminum surface of the magnet. No (dis-
cernible) dust has settled in the sweep area.
Indeed, this little region may be the “clean-
est” part of the entire rover deck. Therefore,
all airborne dust particles must be sufficiently
magnetic that their paths near the magnet be
controlled by the magnetic force. We note
that a specially designed magnet like this
could be used to keep (small) calibration
targets clean in future missions.

Although we cannot yet determine which
mineral is causing the magnetism of the dust
particles, we can assess whether the magnetism
of the suspended particles could be caused by
hematite (�-Fe2O3) alone. Hematite is a canted
antiferromagnet above 260 K (�s � 0.4 A m2

kg�1), and is antiferromagnetic below 260 K.
On the basis of alpha particle x-ray spectrosco-
py (APXS) elemental analysis of the dust, the
maximum possible content of �-Fe2O3 in a
given particle is about 18% by weight (16).
Mössbauer spectroscopy of soil at the Colum-
bia Memorial Station site shows that less than
half of the iron is present as iron oxides (10). A
substantial part of the iron in the soil is located
in paramagnetic silicates, mostly olivine
[(Mg,Fe)2SiO4]. Even if all the iron were
present in hematite, the bulk magnetization
would still be less than 0.08 A m2 kg�1, and
particles with such a low magnetization would
not stick to the filter magnet in the amount
shown on Fig. 2B. We therefore infer that
hematite cannot be the dominant source of the
magnetism present in the airborne particles.

Fig. 2. The capture and filter magnets. (A) Pancam image recorded on sol 71. (B) Spectra of the area
where dust has accumulated on the two magnets, and of the aluminum surface. The ordinate is the
calibrated reflectance.

Fig. 3. The sweep magnet. (A)
Pancam image recorded on sol
73. (B) Spectra from three areas:
1, the dust on the ring; 2, the dust
outside the ring; and 3, the dust
inside the ring. The ordinate is the
calibrated reflectance.
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Furthermore, Mössbauer spectra of soils at the
Spirit site show the presence of magnetite (10).
A small fraction of magnetite in the dust parti-
cles could easily explain the strong magnetiza-
tion of the dust and the dust on the filter magnet
being darker than that on the capture magnet.

APXS measurements and Mössbauer mea-
surements of the dust on the filter and capture
magnets will take place later in the mission in
order to uniquely identify the ferrimagnetic
phase in the composite particles (5).
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Chemistry of Rocks and Soils in Gusev Crater
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The alpha particle x-ray spectrometer on the Spirit rover determined major and minor
elements of soils and rocks in Gusev crater in order to unravel the crustal evolution of planet
Mars. The composition of soils is similar to those at previous landing sites, as a result of global
mixing and distribution by dust storms. Rocks (fresh surfaces exposed by the rock abrasion
tool) resemble volcanic rocks of primitive basaltic composition with low intrinsic potassium
contents. High abundance of bromine (up to 170 parts per million) in rocks may indicate the
alteration of surfaces formed during a past period of aqueous activity in Gusev crater.

The alpha particle x-ray spectrometer (APXS)
on the Spirit rover is an improved version of the
APXS on the Sojourner rover that measured
compositions of soils (1) and rocks during the
1997 Mars Pathfinder mission (2). A descrip-
tion of the instrument, the methodology, and an
outline of the calibration procedure can be
found in (3). Despite increased background
count rate, because of the radioactive sources of
the nearby Mössbauer spectrometer (MB) (4)

and cosmic radiation, the increased sensitivity of
this instrument relative to the Pathfinder APXS
allowed us to determine the abundances of trace

elements such as Ni, Zn, and Br, in addition to the
major and minor rock-forming elements (Fig. 1)
of circular spots 2.5 cm in diameter.

The internal control software of the
APXS automatically splits the measuring
time into several intervals. Repeatability
and statistical significance, especially for
the trace elements, was evaluated using
these individual spectra. Data reduction
was performed with a least-squares-fit rou-
tine developed during calibration. The in-
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Fig. 1. X-ray spectra
of rock Mazatzal be-
fore and after abrad-
ing with the RAT.
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