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Introduction: The  two Mars  Exploration  Rovers 
“Spirit”  and  “Opportunity”  each  carry the  miniatur-
ised  Mössbauer  spectrometer  MIMOS  II  [1].  Both 
spectrometers  have  obtained  14.4  keV and  6.4  keV 
backscattering  spectra  of rocks and soil  on the Mar-
tian surface [2] – [6]. Analysing spectra of both ener-
gies yields  depth  selective information  about the in-
vestigated sample.  The  14.4  keV γ-ray escape depth 
from the sample is larger than for the 6.4 keV X-rays 
because of their higher energy. The 6.4 keV backscat-
tering  spectra  therefore  contain  more  information 
about the near-surface part  of the sample, while 14.4 
keV backscattering spectra  contain  more information 
about  the  interior  of  the  sample.  Measurements  on 
samples with a surface layer such as a weathering rind 
show significant differences between 6.4 keV and 14.4 
keV spectra.

To quantify the effect of surface layers of varying 
thickness and composition on Mössbauer spectra,  a 
series  of  measurements  was  obtained  on  samples 
composed of a  thin  section  of one mineral  or  iron 
foil, respectively, on top of another mineral. Monte-
Carlo simulations were conducted to model the scat-
tering  of  Mössbauer  radiation  in  those  samples. 
These simulations  allow the variation of the thick-
ness, composition, and density of both layers and are 
therefore  very  useful  to  understand  the  depth  se-
lectivity in Mössbauer spectra. Comparing measured 
and  the  according  simulated  spectra  serves  to  de-
termine  both  the thickness  and  the  composition  of 
the surface layer. 

Resonant  and  nonresonant  absorption  of  pho-
tons: In the decay of 57Co to 57Fe, 14.4 keV γ-rays are 
emitted recoillessly. The Mössbauer effect is the res-
onant absorption of these γ-rays in the sample by 57Fe 
atoms. The absorption leading to the 14.4 keV excited 

state  is  immediately  followed  by  the  decay  to  the 
ground state by emitting either a 14.4 keV photon, or 
a 6.4 keV photon as a follow-on process of conversion 
electrons,  and  conversion  electrons  themselves.  The 
emission of a 6.4 keV photon is a far more likely pro-
cess than the emission of a 14.4 keV photon. Resonant 
absorption occurs only in a very narrow energy range. 
As iron atoms are bound differently in the source and 
the sample, the energy of the 14.4 keV γ-rays has to 
be modified slightly to achieve resonance conditions. 
A Doppler shift with a velocity of a few millimeters 
per second is enough to compensate for the energy dif-
ferences  due  to  binding  effects  and  electromagnetic 
fields. 

Every photon is subject to absorption by the photo-
electric effect, and Compton and Rayleigh scattering. 
6.4 keV photons cannot  be absorbed resonantly.  For 
this  reason,  iron-free minerals  in  a sample influence 
the  relative  intensities  in  6.4  keV  and  14.4  keV 
backscattering  spectra.  The  probability of both  reso-
nant and nonresonant absorption is determined by ab-
sorption coefficients [7], which depend on the energy 
of the photon as well as on the density and composi-
tion of the sample. 

Figure 2 shows the energy dependence of absorp-
tion coefficients for the elements iron, calcium, mag-
nesium  and  silicon.  The  absorption  coefficient  for 
resonant absorption μres is given by:

μres= f · β ·σ0 · Г 2
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where f is the recoil free fraction, β the abundance of 
Fe, Γ the natural line width of the source and σ0 the 
maximal resonance cross section. E denotes the en-
ergy, and Eres,i the position of the resonances.

Figure 2: energy dependence of the absorption coeffi-
cients for the elements Fe, Mg, Ca, and Si.

Figure 1: 6.4 keV X-rays yield more information about  
the near-surface part of a sample than 14.4 keV γ-rays.
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Monte-Carlo Simulation: Mössbauer spectra are 
influenced by various parameters such as the density, 
composition and thickness of a sample. Each of these 
parameters can be varied independently in a simula-
tion. Figure 3 illustrates the structure of the Monte-
Carlo code. 

First, a parameter file is imported, containing val-
ues for the density, thickness and chemical composi-
tion  of both  layers.  Additionally,  Mössbauer  para-
meters, absorption coefficients and geometrical vari-
ables depending on the experimental  setup are spe-
cified in the parameter file. The 57Co source is simu-
lated as an infinitely thin foil with an area of 4 mm². 
The starting  coordinates of a photon and  its  direc-
tion of propagation are determined by random num-
bers.  These values determine  the photon's coordin-
ates on the surface of the sample. While the photon 
is located inside the sample, it interacts either reson-
antly  or  nonresonantly.  Resonant  and  nonresonant 
absorption can be regarded as competing processes. 
In  the  program,  random  numbers  are  used  to  de-
termine  which  process  takes  place;  the  absorption 
length is determined accordingly. After each interac-
tion, the coordinates of the photon as well as its en-

ergy and direction of propagation are updated. After 
a resonant absorption, one photon with an energy of 
either  6.39,  6.4,  7.0,  or  14.4  keV is  emitted.  The 
emission  angle  is  determined  according  to  an  iso-
tropic distribution. After the photoelectric effect, the 
photon disappears, the current simulation stops, and 
a new run with a new photon from the source starts. 
After Compton or Rayleigh scattering, the angle θ of 
the  reemission  is  determined  according  to the  for-
ward-backward  symmetric  Thomson-distribution 
T(θ): T θ =1cos2θ  .     
If a photon reaches the detector plane after leaving 
the sample, and if its energy lies within the range of 
the detector resolution of 1 keV, it is 'detected'. The 
efficiency of the detectors is modelled to be 100%.  
X-rays with an energy between 6 and 7 keV are ac-
cumulated  in  one  spectrum,  γ-rays  with  energies 
between 14 and 15 keV in a different spectrum, re-
spectively. The Doppler velocity of the source at the 
time of their emission serves as a measure of energy. 
Currently, spectra  of samples which  consist  of two 
distinct,  homogeneous layers each containing  up to 
ten  different  Mössbauer  subspectra  (singlets, 
doublets or sextets) can be simulated. The result  of 
the simulation is a data file which can be analyzed 
by the same fitting routine that  is used to fit meas-
ured spectra. 

Figure 3: the structure of the Monte-Carlo code.  
The interactions of 107 to 108 photons are simulated,  
one photon after another.
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Figure 4: measured spectra obtained on a sample com-
posed of an olivine thin section on top of pyrite.
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Measurements and simulations: In order to in-
vestigate the depth  selectivity in  backscatter  Möss-
bauer  spectra  experimentally,  samples composed of 
two distinct layers were analyzed. Thin sections and 
iron foils were combined with bulk samples of hem-
atite, pyrite, epidote, and augite. The results are used 
to interpret data derived from measurements on nat-
ural samples – such as rocks on the Martian surface. 
Those minerals were chosen because their iron con-
tents differ over a broad range and their Mössbauer 
parameters render them easy to distinguish in spec-
tra.  Figure 4 shows measured spectra obtained on a 
sample composed of an olivine thin section (60 mi-
crometers) on top of pyrite. Table 1 gives a compar-
ison of intensities derived from measured and simu-
lated spectra. Figure 5 shows results from measure-
ments and simulations of iron foil (10 micrometers), 
olivine (60 micrometers) and epidote (80 micromet-
ers) on top of pyrite for both 6.4 keV and 14.4 keV 
spectra. Table 2 contains the values used in the sim-
ulation, and their uncertainties. It is evident that the 
parameters used in a simulation have to be derived 
carefully. In general,  good agreement (within a few 
percent) between measured and simulated spectra is 
observed. 

Table 1: relative intensities (percentage of total area)  
derived from measured and simulated spectra of a sample  
composed of an olivine thin section on top of pyrite. The 
uncertainty of these values is 2%.
olivine on top of pyrite 6.4 keV 14.4 keV

measurement 36% 67%

simulation 37% 63%

Table 2: values used for simulations shown in figure 5.  
Fe contents were derived from EDX measurements. 
sample Density 

(g/cm³)
Fe content 
(weight %)

Thickness (μm)

Iron foil 7.5 100 10 ± 1.5

Olivine 3.1 ± 0.6 6 ± 3 60 ± 10

Epidote 3.4 ± 0.1 13 ± 3 80 ± 10

Hematite 5.5 ± 0.9 70 ± 3 thick sample

Pyrite 4.9 ± 0.1 47 ± 3 thick sample

Simulations of spectra obtained at Gusev crater, 
Mars:  During  the  first  100  sols  of its  mission,  the 
„Spirit“-rover took measurements on the Adirondack-
class rocks Humphrey and Mazatzal  before and after 
brushing the surface as well as after abrading the sur-
face with the Rock Abrasion Tool (RAT).  

(I) Figure 6 shows a Mi-
croscopic  Imager  Mosaic 
taken on the abraded surface 
of Humphrey. Measurements 
on this rock show differences 
between  6.4  keV  and  14.4 
keV spectra:  the relative in-
tensity of olivine is higher in 
the 6.4 keV than in the 14.4 
keV  spectra.  Obviously, 
these  differences  cannot  be 
attributed to the influence of 
a coating. Simulated spectra show similar differences. 
This effect could be explained with the different inter-
action processes of photons: 6.4-keV X-ray quanta in-
teract  only  nonresonantly,  while  14.4-keV  γ-quanta 
can also be absorbed resonantly. After a resonant ab-
sorption, the re-emission of a 6.4-keV X-ray quantum 
is more likely than  the re-emission of a 14.4-keV γ-
quantum. The largest fraction of all  resonant  absorp-
tions occurs in  the mineral  with the highest  relative 
intensity in a spectrum. In the case of Humphrey, this 
mineral  is  olivine,  which  shows  the  expected  en-
hanced relative intensity in 6.4 keV spectra. Figure 7 
shows  6.4  keV  and  14.4  keV  spectra  obtained  on 
Humphrey in direct comparison. 

Figure 6: MI mosaic  
taken on the abraded sur-
face of Humphrey

Figure 5: simulations on iron, epidote and olivine on  
top of pyrite taking into account the uncertainties of the  
density, thickness and iron content show a range of the rel-
ative intensities of pyrite.
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(II)  A Microscopic  Im-
ager  mosaic  taken  on  the 
partially abraded surface of 
Mazatzal (figure 8) revealed 
a dark coating interpreted as 
a  weathering  rind  [8]. 6.4 
keV  and  14.4  keV  spectra 
obtained on the brushed sur-
face show noticeable differ-
ences.  The  measured  and 
according simulated spectra 
are  shown in  figure 9.  The 

composition of the interior of the rock and its coating 
used for the simulation  was derived from [9] and  is 
further discussed in [10]. The composition of the rock 
interior  was assumed to be a mixture of 40% olivine 
(Fo-45), 30% pyroxene (a mixture of hedenbergite, di-
opside,  pigeonite  and  hypersthene),  20%  nanophase 
oxide (npOx), 5% hematite and 5% magnetite (all val-
ues given in  weight  percent).  Modelling  the coating 
with a composition of 80 % npOx,  5% hematite and 
5% magnetite, and with a thickness of 10 micrometers 
leads to best agreement between measured and simu-
lated spectra. Both 14.4 keV and 6.4 keV photons are 
absorbed nonresonantly in iron free minerals.  To ac-
count for these minerals, SiO2 was used as a substitute 
in  the simulations.  This  approximation  is applicable 
because of the similar  absorption coefficients of SiO2 

and other Oxides. NpOx was modelled as a mixture of 
10%  Fe2O3 and  90%  SiO2;  hematite  and  magnetite 
were modelled as mixtures of 50% Fe2O3  + 50% SiO2 

and 50% Fe3O4 + 50% SiO2, respectively. 
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Table  3:  relative  intensities  for  various  minerals  de-
rived from measured (m) and simulated (s) Mazatzal spec-
tra .

Olivine Pyroxene npOx magnetite
+ hematite

6.4 keV;  m 31 11 47 11

6.4 keV; s 29 17 43 13

14.4 keV; m 38 19 30 12

14.4 keV; s 37 21 33 7

Figure 9: measured and simulated spectra of Mazatzal

Figure 7: spectra obtained on the abraded surface of  
Humphrey in direct comparison

Figure 8: MI mosaic tak-
en on the partially abra-
ded surface of Mazatzal
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