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Introduction: The Viking landers and the Path-

finder lander carried instrument packages to investi-
gate the magnetic properties of the soil and dust on 
Mars [1,2]. The instruments consisted of small perma-
nent magnets that attracted and accumulated magnetic 
dust particles from suspension in the Martian atmos-
phere. From the results [3–6] we know that there is a 
strong magnetic component in the Martian soil and 
dust.  

Based on both magnetic and optical properties of 
the dust accumulated on the magnets, the magnetic 
phase has tentatively been identified as maghemite,  
γ–Fe2O3, present as cement in or stain on silicate ag-
glomerates [5]. However, it is not possible to exclude 
that the magnetic phase could be titanomagnetite  
(Fe3-xTixO4) or titanomaghemite (γ–Fe2-xTixO3) having 
been inherited directly from the bedrock [3,7,8]. The 
magnetic dust is of considerable interest as it may give 
important clues about the role of water in the soil 
forming processes on Mars [9,10]: Has the formation 
of the red soil on Mars taken place predominantly via 
oxidation of Fe(II) in aqueous solution eons ago, when 
Mars was warmer and wetter? Or is the soil formation 
an ongoing process of breakdown and oxidation of 
surface rocks — possibly without any appreciable role 
of water? In the former case, the magnetic phase in the 
soil/dust would not be expected to contain the element 
titanium, while in the latter case the magnetic phase 
would be expected to be an Fe–Ti oxide. Direct meas-
urement of the Ti/Fe ratio of material accumulated by 
magnets on Mars could hence give insight into the soil 
formation processes on Mars. 

NASA’s Mars Exploration Rover missions 
(launched May/June 2003, landing in early 2004) [11] 
carries two magnets [12] of differing strength that will 
accumulate magnetic dust suspended in the Martian 
atmosphere for investigation with Mössbauer spectros-
copy [13] and α–particle X–ray fluorescence spectros-
copy (APXS)  [14].  

In this contribution, we describe in some detail the 
magnets that will be used for Mössbauer spectroscopy 
and APXS spectroscopy, and present some preliminary 
results obtained in an environmental chamber that 
simulates the conditions on Mars. 

Magnets for the MER mission: The Mars Explo-
ration Rovers carry a series of permanent magnets of 
various strengths and dimensions. The magnets are 
given the following names: Filter Magnet, Capture 
Magnet, Sweep Magnets, and the RAT Magnets. The 
RAT (= Rock Abrasion Tool) is a grinding tool de-
signed to remove weathering crust from rocks and ex-
pose fresh rock material for investigation [15]. The 
RAT contains built–in magnets that are designed to 
catch magnetic dust during grinding [12,16]. The 
Sweep Magnets are designed in such a way that within 
a certain area on the active surface, approaching mag-
netic particles will be deflected, and only non–
magnetic particles will be allowed to settle [12]. 

Capture Magnet and Filter Magnet. The Capture 
and Filter Magnets are located on the front of the rov-
ers (see Fig. 1), so that airborne dust attracted to the 
magnets can be studied by the Mössbauer spectrometer 
and the APXS spectrometer. 

  

 

Fig. 1: Picture of the Capture and Filter Magnets, 
as observed using the multispectral panoramic 
imager, Pancam. The Filter Magnet is in the lower 
right and the Capture Magnet is in the top center 
of the image (Credits: NASA/JPL /Cornell). 

The magnets have circular symmetry and the magnetic 
material used is Sm2Co17 (µ0M = 1.1 T at room tem-
perature) embedded in a carrying structure made of 
aluminum. The Sm2Co17 part has a diameter of 25 mm, 
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while the aluminum carrying structure has a diameter 
of 45 mm.  

The main difference between the two magnets is 
the surface magnetic field strength. Fig. 2 shows the 
variation of the magnitudes of the magnetic field gra-
dient across the active area for the Capture and Filter 
magnets.  

 

 

Fig. 2: The magnitude of the magnetic field gradi-
ent at the surface of the Capture and Filter Mag-
nets. 

For the Capture Magnet, the maximum values of B 
and  |∇B| are 0.46 T and 550 T/m respectively, and for 
the Filter Magnet, the corresponding numbers are 0.2 
T and 34 T/m.  

The Filter and Capture Magnets are both equipped 
with sets of surface markings. The purpose of these 
markings is to assist in the evaluation of the thickness 
of the layer of dust that has accumulated on the mag-
nets at the time of observation. Such an evaluation will 
be valuable in determining the optimal time for re-
cording of an APX–spectrum and a Mössbauer spec-
trum of the dust on the magnets. 

Experimental: The wind tunnel system at Århus 
University has been described previously [17]. Particle 
speed and volume number density of particles are 
monitored by a Laser Doppler Anemometer and dust 
doses are given in Sols (of exposure), assuming parti-
cle density in the atmosphere of 1 cm-3 on Mars. All 
experiments were performed at room temperature us-
ing air at 10 mbar. The magnets were tilted ~45° rela-
tive to the vertical. X–ray fluorescence (XRF) spectra 
where measured (outside the wind tunnel) using a 60 
mCi closed source of 244Cm and a 7 mm2 AMPTEK™ 
detector in a setup that simulates the corresponding 
experiment on the surface mission on Mars. As a 
closed source is used it does not emits α particles. This 
limits the detection to elements with Z > 18. Möss-
bauer measurements were performed at room tempera-
ture using a conventional setup in transmission geome-
try. This differs from the setup on Mars, where the 
dust on the magnets will be measured in–situ in back-
scatter geometry. For the Mars analogue soil sample 
used in the present study (Salten Skov) this has mini-
mal effect on the spectrum, and does not alter the con-

clusions that can be drawn from the experiments. Ve-
locities and isomer shifts are given relative to the spec-
trum of α–Fe at room temperature. 

At the site called Salten Skov in Jutland, Denmark, 
magnetic (σS > 1 Am2/kg) iron rich (Fe ~ 30 wt.%) soil 
has been found [18,19]. X–ray diffraction and Möss-
bauer spectroscopy have revealed that the soil contains 
the magnetic iron oxides hematite (α–Fe2O3) and 
maghemite (~30% of the spectral area in Mössbauer 
spectrum) in mixtures with the antiferromagnetic min-
eral goethite (α–FeOOH). The particle size of the soil 
has been determined to be ~2 µm when dispersed in an 
ultrasonic bath. By means of transmission electron 
microscopy and the line broadening of the X–ray dif-
fraction lines, it has been found that individual parti-
cles consist of smaller, nanometer sized particles of 
iron oxides that show superparamagnetic blocking on 
the timescale of Mössbauer spectroscopy. 

Results: Most of the results presented here were 
obtained with a wind velocity of 2.2 m/s. After the end 
of the experiment (here 275 Sols), the dust was re-
moved from the magnets and used for further investi-
gations.  

Mass accumulations. Table 1 summarizes the re-
sults from mass measurements. 

Table 1: Results from mass measurements after 
exposure corresponding to 275 Sols. Included is 
data for 2.7 m/s for comparison. 

Magnet va 
(m/s) 

Dust load 
(mg) 

Rate  
(µg/Sol) 

Rate/area 
(µg/(Sol·cm2)

Capture 2.2 
2.7 

21.7 
19.2 

79 
70 

16 
14 

Filter 2.2 
2.7 

12.7 
9.4 

46 
34 

9.4 
7.0 

aWind velocity 
 
Increasing the wind speed leads to reduced capture 

of magnetic particles. The relative change in capture 
rate when increasing the wind speed from 2.2 m/s to 
2.7 m/s is 11% and 26% for the Capture and Filter 
Magnets respectively. This difference reflects the bet-
ter “filtering” capabilities of the Filter magnet [12].  

Magnetic Properties. The hysteresis properties of 
the dust are shown in Fig. 3. The Salten Skov refer-
ence soil used here is more magnetic than current es-
timates of the magnetic properties of the dust on Mars. 
The material that has accumulated to the magnets is 
more magnetic than the original material and the mate-
rial that has accumulated to the Filter Magnet is more 
magnetic than the material that has accumulated to the 
Capture Magnet.  
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Fig. 3: Hysteresis curves of the Salten Skov refer-
ence sample, and samples collected from the mag-
nets indicated. Values of the saturation magnetiza-
tion, σS, obtained from analysis of the experimental 
data are shown in the insert. 

The capture of magnetic particles by permanent 
magnets under Martian conditions is a complicated 
process, involving a number of parameters. Generally, 
the magnetic properties of the accumulated material 
will depend on the strength of the magnets in such a 
way that weak magnets accumulate the more strongly 
magnetic particles. The findings here are in accordance 
with the design criteria of the magnets [12]. 

Mössbauer Spectroscopy. Fig. 4 shows the Möss-
bauer spectra obtained.  
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Fig. 4: Mössbauer spectra of the Salten Skov refer-
ence sample and the material accumulated on the 
Capture Magnet.  

The spectra have been analyzed in terms of three 
spectral components indicated in Fig. 4. [18]: A sextet 
labeled Gt, assigned to goethite, a sextet labeled 
Ht/Mh, assigned to maghemite/hematite mixtures and a 
quadrupole split component labeled Fe(III) assigned to 
ferric (super–) paramagnetic iron oxide(s). The sextet 
components have been analyzed with split–Lorentzian 
line shapes, which simulate the asymmetric spectral 
lines quite well and enable the determination of area 
fractions for the different components. We do not try 
to separate the hematite and maghemite components in 
view of their rather similar hyperfine parameters and 
the rather broad asymmetric line shapes. 

Visual inspection of the spectra in Fig. 4 shows 
only minor differences between the spectra, and com-
puter analysis is needed to extract the differences in 
the spectra. The results are given in Table 2.  

Table 2: Hyperfine parameters and relative spec-
tral areas obtained from analysis of the spectra in 
Fig. 4. Labels in the table: Bhf: magnetic hyperfine 
field, δ: isomer shift, ∆EQ: quadrupole splitting or 
shift. 

Sample 
Parameters Reference Capture m.
Ht/Mh Bhf (T) 48.3(1) 48.4(1) 

δ (mm/s) 0.37(2) 0.37(3) 
∆EQ (mm/s) -0.16(2) -0.13(2) 
Area (%) 29.9(6) 34.6(8) 

Gt Bhf (T) 21(2) 21(3) 
δ (mm/s) 0.37(6) 0.37(9) 
∆EQ (mm/s) -0.25(5) -0.25(5) 
Area (%) 47(2) 23.7(3) 

Fe(III) δ (mm/s) 0.373(8) 0.37(2) 
∆EQ (mm/s) 0.67(2) 0.67(2) 
Area (%) 23.0(3) 41(2) 

 
The area ratio of the Ht/Mh component is larger in 

the material that has accumulated on the magnet, con-
sistent with the interpretation that the material that give 
rise to the Ht/Mh sextet is the same material that gives 
the sample it’s magnetic properties. The quadrupole 
shift of the Ht/Mh component is slightly smaller for 
the material that has accumulated on the magnet. This 
is consistent with the interpretation that the material 
attracted by the magnet contains more maghemite 
(∆EQ ≈ 0 mm/s) relative to hematite (∆EQ ≈ -0.2 mm/s) 
than the original sample. 

XRF results. Fig. 5 shows a typical XRF spectrum 
obtained. It shows notable emission at ~7 keV, origi-
nating from the Kα and Kβ lines of iron. The lines at E 
> 12 keV, originate from the source. Additionally the 
spectrum has lines from manganese on the left–hand 
shoulder of the Kα line of Fe. On Mars, lines from alu-
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aluminum, originating from the target surface, would 
dominate the spectrum. 
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Fig. 5: XRF spectrum of dust on the Capture Mag-
net obtained for the measurement conditions indi-
cated. 

Fig. 6 shows the intensity of the Fe lines as a func-
tion of dose obtained from 1 hour measurements of the 
Capture and Filter Magnets.  

0
100
200
300
400
500
600
700
800
900

0 50 100 150 200 250 300

Dosis (Sols)

Fe
 in

te
ns

ity
 (k

eV
·C

ou
nt

s/
h)

Capture magnet

Filter magnet

Wind velocity : 2.2 m/s
Part. concentration : 1 cm-3

 

Fig. 6: Signal in units of keV⋅Counts for 1 hour 
measurements as a function of dose for the Capture 
and Filter Magnets. Saturation level (infinitely 
thick layer) is around 4300 keV·Counts/h for the 
reference material. 

The ratio between the slopes of the curves in Fig. 6 is 
1.45 while the ratio of the mass of the dust accumu-
lated on the magnets is 1.7 (see Table 1), indicating 
that the dust accumulated to the Filter Magnet is more 
iron rich than the dust accumulated to the Capture 
Magnet. 

Discussion: From these data and the error analysis, 
the sensitivity is easily estimated, and we find that the 
minimum amount of material that can be detected is of 
the order of a few µg for a measurement time of 10 
hours. Taking into consideration the different experi-
mental conditions on Mars (with α particles) a careful 
estimate suggests that the Ti/Fe ratio could be deter-
mined with accuracy better than 30% when the magnet 
has accumulated 300 µg of material. 

We have performed wind tunnel experiments with 
both the Pathfinder Magnet Array and the Capture 

Magnet. Visual inspection suggests that the Capture 
Magnet collects dust 2–4 times more efficiently on unit 
area than the strongest magnet of the Pathfinder mis-
sion. Using dust accumulation rates determined for the 
strongest magnet of the Pathfinder Magnet Array on 
Mars [6], suggests that the Capture Magnet will collect 
dust at a rate of ~60 µg/Sol. A determination of the 
Ti/Fe ratio with the accuracy stated above will thus be 
possible few sols into the mission. 

Conclusions and outlook: The data presented here 
demonstrates how the analysis of the data that (hope-
fully) will be obtained from Mars can be performed. 
The amount of material accumulated onto the magnets 
will be estimated in three different ways: (1) Optically, 
both by utilizing the change in color of the target and 
by using the surface markings. (2) By using the signal 
obtained in the APXS measurements, both relative to 
the lines of aluminum and absolute counts in the spec-
trum. (3) By using the relative signal intensity of the 
Mössbauer spectra. All techniques are sensitive to dif-
ferent physical properties of the dust and comparison 
of the results may give deeper insight into the proper-
ties of the dust. 

APXS measurements with adequate accuracy to 
elucidate fundamental questions regarding the soil 
formation processes on Mars will be possible few sols 
into the mission.  

We are continuing these investigations, using ana-
logues of different nature and varying magnetic prop-
erties. The results will enhance our knowledge on what 
may be learned from the investigations on Mars.  
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