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Introduction:  The large-crater covered Martian 

crust and the absence of large scale recycling suggests 
strongly that the crust was a product of an ancient 
planetary global differentiation process about 4.5 Ga 
as indicated by the whole rock Rb-Sr isotopic 
compositions of the Martian meteorites. Together with 
geophysical and geochemical data from spacecraft 
missions, the Martian meteorites provide constraints 
on the nature of the crust. Using elemental data from 
orbital and in-situ measurements of the Martian 
surface and Martian meteorites, an estimation of the 
global Martian crust composition could be derived. 

There are two distinctively different methods to 
obtain elemental composition of the surface: either by 
remote sensing or in-situ measurements. Both are 
complimentary to each other. 

Remote sensing:  The NASA 2001 Mars Odyssey 
spacecraft has gamma-ray and neutron spectrometers 
on board to look into the surface for over at least one 
Martian year [1]. Characteristic gamma rays that are 
emitted by Mars are used to infer the elemental 
composition of the top tens centimeters of the surface. 
Seasonal changes caused by condensing and subliming 
of CO2 on the polar caps are monitored, directly. In 
addition, subsurface water ice was discovered in high-
latitude regions (> 50 degrees north and south) 
surrounding the polar caps [2].  

The Mars Odyssey gamma-ray spectrometer 
consists of a large high-purity germanium crystal 
cooled passively to about 85 K that provides high-
resolution spectra. The Ge crystal is encapsulated into 
a special titanium can that maintains an ultra-high 
vacuum. This technology ensures to carry out multiple 
annealing cycles to remove accumulated radiation 
damage that is caused by bombardment of cosmic-ray 
and solar charged particles. During orbiting Mars, 
gamma rays are recorded during very short time 
intervals of about 20 seconds together with a time 
stamp. Later on Earth, these short ‘exposures’ can be 
combined into gamma-ray spectra with sufficiently 
high counting statistics. A sophisticated database 
permits to sum spectra according to selected regions or 
time periods. From sets of spectra, elemental maps are 
derived showing concentration variations of Mars. 

In-situ measurements:  The Mars Pathfinder 
(MPF) mission used the small rover Sojourner to 
explore the surroundings of the landing site. Attached 
to the rover was a compact instrument, the Alpha 

Proton X-Ray Spectrometer (APXS), to determine the 
elemental composition of selected soils and rocks on 
the surface [3]. The APXS sensor head contained α- 
and X-ray detectors and radioactive curium-244 
sources. The surface of a sample was bombarded by 
energetic alpha particles and x-rays emitted by the Cm 
sources. The x-ray spectra permitted to determine the 
concentrations of elements from Na up to Fe 
(increasing atomic weight) [4], while the alpha spectra 
provided detection limits for carbon [5]. 

To refine the first data evaluation [4], a re-
calibration of the instrument was performed under 
simulated Martian conditions. As a result [5, 6], the 
concentrations of Si, Fe, and K changed somewhat, but 
the main conclusions of [4] remained valid. However, 
considerable improvements were obtained in the 
determination of P, S, K, Ti, and Mn [7].  

Martian rocks and soils at Ares Vallis:  There is 
a significant difference of the chemical compositions 
between soils and rocks of the Mars Pathinder landing 
site at Ares Vallis. While the soils are compositionally 
similar to those at the Viking landing sites [8], the 
rocks with high Si and low Mg concentrations 
represent highly differentiated crustal material similar 
to what is found on Earth. As evident from the MPF 
camera images, the surfaces of the rocks are covered to 
varying degrees with adhering dust [9]. The APXS 
detectors cannot discriminate between rock surface 
and adhering dust as everything within the field of 
view of the sensor head contributes to the measured 
signal. To determine the amount of soil on the rock 
surfaces, a special method was applied. 

The analysis of the Pathfinder soils showed a high 
concentration of sulfur, similar to the Viking landing 
sites. As most rocks do not contain much sulfur, S was 
used as a marker for the amount of soil seen by the 
APXS. The mean soil revealed a sulfur concentration 
of 2.7 weight %, while the S concentration of the 
Pathfinder rocks varied from 0.8 to 2.0 % and 
exceeded by far concentrations accommodated in 
magmas or igneous rocks. As shergottites (the most 
abundant type of Martian meteorites) contain S 
between 0.13 to 0.32 % and as the Pathfinder rocks 
seem to be more fractionated than shergottites, an 
upper S concentration of 0.3 % was adopted for the 
Pathfinder rocks. Hence, to extrapolate the 
composition of a soilfree rock a regression of all 
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measured elements versus S was applied (Table 1, see 
at the end).  

The potential contribution of the alpha mode to the 
general analysis was the ability to detect carbon, which 
could not be measured by the x-ray detector. All other 
elements, except O, can be determined much better by 
the x-ray mode. No carbon could be detected in the 
Pathfinder samples; therefore, the carbon content had 
to be below the detection limit of about 0.8 % [6]. The 
low content of carbonates in the Martian soil is in 
accordance with the dominance of SO3 [10, 11] that 
together with water vapor produces sulfuric acid, 
which in turn decomposes carbonates and returns CO2 
into the atmosphere. 

The intrinsic carbon content in the Martian 
meteorites is also low. Even the 4.5 Ga old Martian 
meteorite from the ancient crust, ALH 84001, contains 
only 0.06 % total C, i.e. terrestrial contamination plus 
intrinsic carbon.  

Global maps:  The maps of Si, Fe and K 
determined with the Mars Odyssey gamma-ray 
spectrometer reveal a compositional diversity of the 
Martian crust [12]. However, all data are in the 
concentration ranges as observed by the space 
missions Phobos [13], Viking [8] and Mars Pathfinder 
[4, 5, 6, 7], which indicate similar chemical 
compositions of the surface.  

Local data:  The in-situ measurements of the 
Martian surface by Viking [8] and Mars Pathfinder [4, 
5, 6, 7], their sites thousands of kilometers apart, 
revealed similar chemical compositions of the surface. 
Only for potassium, there is a considerable difference. 
The investigators of the Viking XRF spectrometer 
reported an upper limit of 0.12 % K [8], while 
Pathfinder found 0.5 % K, a four times higher value. 
Assuming the Viking detection limit is valid, the 
Pathfinder soil is indeed enriched in K. The reason 
could be the weathering of the local Pathfinder rocks, 
whose soil-free K concentration is 1.1 %. The other 
option could be an overestimated sensitivity of the 
Viking X-ray detector for K. It could well be that the 
K concentration of the Martian surface is in certain 
regions higher than at the Viking sites. The gamma-ray 
spectrometer of the Phobos mission measured a value 
of about 0.3 % K [10, 11]. Recent K maps obtained by 
the Mars Odyssey gamma-ray spectrometer [12] also 
show large variations in K on the Martian surface 
ranging from nearly 0.2 up to 0.7 %.  

Martian Surface Chemistry and Implication for 
the Crust:  The similar chemical composition of the 
soils at different landing sites indicates a thorough 
mixing of surface material on a global scale. As a first 
approach, the average soil composition of Mars may 
be a reasonable estimate of the overall bulk crustal 

composition [15]. Neglecting the extremely high S- 
and Cl concentrations of the soil, which probably have 
their cause in volcanic exhalations [16], the similarity 
in the chemical composition of the soil and the basaltic 
shergottites is remarkable (Table 2). 

 
Oxide 
[weight 

%] 

MPF 
‘Soil-
free’ 
Rock 

MPF 
Soil 

minus 
S & Cl 

Basaltic 
Martian 

Meteorites 

Earth 
Conti-
nental 
Crust 

Na2O 2.5 1.2 1.0 - 2.2 3.3 
MgO 1.5 9.4 3.7 - 11.0 3.9 
Al2O3 11.0 8.6 4.8 - 12.0 15.7 
SiO2 57.0 45.7 49.0 - 51.4 60.2 
P2O5 0.95 1.1 0.6 - 1.5 0.2 
SO3 0.75 0 0.33 - 0.80 0.2 
Cl 0.32 0 0.005 - 0.013 0.2 

K2O 1.4 0.7 0.06 - 0.25 2.1 
CaO 8.1 7.1 10.0 - 11.0 6.9 
TiO2 0.69 1.1 0.8 - 1.8 0.9 

Cr2O3 - 0.3 0.014 - 0.30 0.022 
MnO 0.55 0.6 0.45 - 0.53 0.1 
FeO 15.7 21.7 17.7 - 21.4 6.3 

Table 2 Comparison of Mars and Earth chemistry 
referring to some data from Table 1.  
 

An additional link between Martian meteorites 
(SNCs) and Martian surface provides the good 
correlation between Al and P for most Martian 
meteorites and Pathfinder rocks and soils (Figure 1). 
Compared to terrestrial values (Table 2) Martian 
basalts (shergottites), and Pathfinder soils and rocks 
are rich in P. In Martian meteorites, the content of 
phosphates follows the content of feldspar. The 
deviation of certain aliquots of the same meteorite 
from the correlation line must be a sampling effect of 
small aliquots and depends on the specific modal 
composition of the analyzed aliquot. The Pathfinder 
soil plots nicely on the Al-P correlation line in 
Figure 1. The similar concentrations of P in soils and 
rocks at Ares Vallis would be more in accordance with 
a sedimentary origin of these rocks rather than an 
igneous origin. However, the solubility of apatite in a 
melt depends on its SiO2 content [17]. Hence, it might 
well be that the solubility limit of apatite confined the 
P concentration in the SiO2 rich Pathfinder rocks. 

Potassium is the exception of the similarity of the 
postulated Martian crustal composition and the basaltic 
shergottites. The K contents of the calculated 
Pathfinder rock (1.1 %) [5, 6, 7] and the soils 
measured by Phobos (0.3 %) [13, 14] and Pathfinder 
(0.5 %) are higher than the K content in the basaltic 
shergottites (0.18 %). This higher K concentration on 
the Martian surface might suggest an enrichment of Rb 
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in the crust. A good correlation between the highly 
incompatible elements K and Rb was found for all 
Martian meteorites, independent of their rock type 
(Figure 2). This is in contrast to that found on Earth 
[18]. The absence of plate tectonics on Mars might be 
the reason for the constant K/Rb, K/U, K/Sr and K/Nd 
ratios in Martian meteorites. Suggesting the same 
systematic for the Martian crust as found in these 
meteorites, we calculated with the known K 
concentrations from the Pathfinder and Phobos 
missions the crustal Rb, Sr, and Nd contents, 
respectively (Fig. 2, Table 3). 
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Fig. 1  Correlation between Al and P in SNC 
meteorites and Pathfinder samples. 
 

The abundances of the large ion lithophile (LIL) 
elements in the Martian crust in this model depend on 
the assumed crustal K content (0.3 – 1.1 %) and the 
thickness of the crust. Geophysical data determined by 
Mars Global Surveyor derived crustal thickness values 
of ~50 km [19] and 30 – 100 km [20]. A mass balance 
model based on Nd isotopic compositions and REE 
abundances in Martian meteorites by [21] resulted in a 
fraction of 55 % of the total Nd inventory in the crust. 
This estimate assumed a 20 or 30 km crustal thickness 
and an Nd concentration of about 34 or 23 ppm, 
respectively. Table 3 reports our calculations of the 
magnitude of K, Rb, Sr, and Nd contents for a 30 km 
thick crust. For these estimates the bulk Mars 
composition of [22] was used. 

It can be assumed, that U and Th have a similar 
enrichment in the crust as estimated for K and Th [15, 
23]. The Mars Odyssey gamma-ray spectrometer 
obtained an average Th concentration of 1.1 ppm in 

the surface [24], which would corresponds to 50 % Th 
in a 30 km thick crust. This result confirms the above 
assumption and is in good agreement with our 
estimated K abundance of 0.5 % for a 30 km thick 
crust. 
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Fig. 2  K – Rb correlation of the SNC meteorites. 
 

The radiogenic heat production would be stored in 
the crust for 4.5 Ga. Assuming for Mars a similar 
distribution of heat producing elements between crust 
and mantle of about 50 %, as found for the Earth, our 
estimated crustal composition based on Pathfinder soil 
[5, 6, 7] provides with 0.5 % K and 17 ppm Nd 
reasonable values.  
 
 

Constraints K  Rb1)  Sr2)  Nd3) Sr/Nd
  [ %] [ppm] [ppm] [ppm]   

K: MPF-soil  0.5 25 180 16.5 11 
%  in crust*  39 41 26 43   
K: Phobos 0.3 15 110 10 11 
%  in crust*  24 25 16 26   
K: MPF-rock 1.1 56 405 36 11 

%  in crust*  87 93 57 94   

* Thickness of the crust: 30 km    
1) K/Rb = 200; 2) K/Sr = 27; 3) K/Nd = 308   

Table 3  Estimated Martian crust composition. 
 
Summary: The APXS data of the Pathfinder 

landing site provide a base for a global estimation of 
the Martian surface and crust composition. The 
combination of in-situ measurements and element 
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correlations of the Martian meteorites implies an old 
basaltic crust with high abundances of incompatible 
(K, Rb, Nd, U, Th) and volatile (S, Cl) elements. 
Carbonates are absent or low in soils and rocks with an 
upper limit of about 1 % carbon. 

Outlook:  The upcoming NASA Mars Exploration 
Rovers 2003 have a robotic arm with three small 
instruments and a rock abrasion tool (RAT): A new 
high-resolution APXS for chemistry, a Mössbauer 
Spectrometer for mineralogy, and a microscopic 
camera for texture. This combination of instruments 
will provide unprecedented insides in the landing sites. 
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Sample Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe3+ 

A-4, soil 0.7 6.0 4.4 19.9 0.8 3.0 0.57 0.50 4.3 0.6 0.1 0.6 13.7 
A-5, soil 0.8 5.6 4.6 19.1 0.7 2.6 0.55 0.43 4.7 0.5 0.3 0.3 16.1 
A-10, soil 1.0 4.9 3.9 19.5 0.4 2.8 0.53 0.37 4.9 0.6 0.2 0.4 16.5 
A.15, soil 0.7 4.5 4.0 20.5 0.4 2.4 0.54 0.72 4.7 0.7 0.2 0.4 16.1 
Mean Soil 0.8 5.2 4.2 19.8 0.4 2.7 0.55 0.50 4.7 0.6 0.2 0.4 15.6 
A-8, Scooby Doo 1.2 4.4 4.8 21.3 0.3 2.5 0.55 0.65 5.8 0.7 – 0.4 13.1 
Rocks                         Fe2+ 
A-3, Barnacle Bill 1.3 1.9 5.8 25.2 0.6 1.1 0.41 1.07 4.3 0.6 0.1 – 12.6 
A-7, Yogi 0.9 4.0 5.1 23.3 0.4 2.0 0.50 0.72 5.3 0.5 – 0.4 13.0 
A-16, Wedge 1.7 2.8 5.4 22.7 0.4 1.3 0.41 0.79 5.8 0.6 – 0.5 14.7 
A-17, Shark 1.5 2.1 5.3 25.8 0.4 0.8 0.38 0.94 6.3 0.4 0.03 0.4 11.5 
A-18, Half Dome 1.3 2.4 5.8 24.2 0.4 1.2 0.37 0.91 4.7 0.5 – 0.4 14.1 
Rel. Error (%) 40 10 7 10 20 20 15 10 10 20 50 25 5 
Soilfree rock 1.8 0.90 5.80 26.5 0.4 0.3 0.32 1.12 5.7 0.4  – 0.4 12.1 

 
Table 1 Concentration of Mars Pathfinder samples in weight percentage, based on refined calibration of APXS. 
The soilfree rock is derived from the measured rocks by assuming an S concentration of 0.3 %. Scooby Doo (A-8) 
is a cemented soil. The relative error applies to rocks as well as to soils. 
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