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Introduction: Among the major discoveries of the 

Mars Global Surveyor mission is the finding of strong 
magnetic anomalies due to crustal remanence [1]. 
Models suggest magnetic rocks of tenths of km thick-
ness with remanence magnetization up to Mr ~ 20 A/m 
[2], considerably higher than average values for terres-
trial mid–ocean ridge basalt (MORB). Although Fe–Ti 
oxide phases, as in MORBs, are the obvious candi-
dates for explaining the remanence, other mineralogi-
cal explanations have been suggested to account for 
the high remanence in comparison with MORBs. 
These include hemo–ilmenite [3], multidomain (MD) 
hematite [4], and pyrrhotite [5],  none of which are 
common explanations for the magnetic properties of 
igneous rocks. 

Aeromagnetic surveys over Iceland have revealed a 
large number of distinctly localized magnetic anoma-
lies [6,7]. They are less extensive than their Martian 
counterparts and usually associated with volcanic cen-
ters or subglacial volcanism. In some cases, access to 
the magnetic rocks has been obtained, either  through 
erosion or by drilling.  

Given the assumption that the Icelandic anomalies 
may give hints regarding the origin of magnetism in 
the Martian anomalies, we have conducted a detailed 
investigation of the iron mineralogy of samples from 
two magnetic anomalies in Iceland and one site con-
taining highly magnetic rocks. In this contribution em-
phasis will be given to the results obtained by means 
of Mössbauer spectroscopy. The Mössbauer spectra 
presented here were measured at room temperature in 
transmission geometry using conventional constant 
acceleration drive systems. Velocities and isomer–
shifts are given relative to the center of the spectrum of 
α–Fe at room temperature. 

Mössbauer spectroscopy is an ideal method to 
characterize the iron mineralogy of natural samples, 
giving simultaneously information on the valence state 
of iron, site symmetry, and magnetic interactions. The 
shift of resonance lines (relative to a standard) is char-
acteristic for the valence state of iron atoms. Iron at-
oms in magnetic minerals give rise to a characteristic 
sextet–type spectrum where the splitting is propor-
tional to the magnetic hyperfine field. Iron in para-

magnetic minerals gives rise to a doublet–type spec-
trum due to quadrupole interactions. The splitting of 
lines is proportional to the electric  field gradient at the 
iron site. The analysis of a Mössbauer spectrum may 
be a complicated task. If the iron atoms are situated in 
an environment characterized by statistical variations 
of the hyperfine parameters (e.g. in titanomagnetite or 
titanomaghemite, where the iron atoms have different 
numbers of Ti or vacancy neighbors), a successful 
description of the spectrum in terms of assignment of 
spectral features to specific minerals may be ham-
pered. In basaltic rocks, the magnetic minerals may 
constitute only a few percent of the spectra, precluding 
an accurate determination. For this reason, spectra of 
both bulk samples and magnetic separates are obtained 
and analyzed simultaneously assuming the presence of 
the same spectral components, only in different 
amounts.  

Included in the payload of NASA's 2003 Mars Ex-
ploration Rover missions (launched in May/June 2003, 
landing early 2004) [8] are magnets [9] that will accu-
mulate dust for investigations by Mössbauer spectros-
copy [10] and APX spectroscopy (elemental analysis) 
[11]. The results presented here may show how these 
techniques can work together to determine the miner-
alogy of the surface material on Mars. 

To form a magnetic anomaly (Mr > 20 A/m) with 
rocks of igneous composition (i.e. concentration of Fe 
~ 10 wt.%), three criteria must be fulfilled. (1) The 
rocks must contain single–domain (SD) magnetic par-
ticles, or particles with pseudo single–domain (PSD) 
magnetic properties. (2) The mineral responsible has to 
be substantially magnetic – titanomagnetite (Fe3-

xTixO4) with x = 0.6 is usually not magnetic enough to 
explain the high remanence magnetization of anoma-
lously magnetic rocks. (3) The amount of the magnetic 
phase in the rocks has to be at least of the order of one 
wt.%. If only one of these criteria is not fulfilled, the 
more common situation will be obtained, i.e. Mr ~1–5 
A/m.  

The Stardalur Anomaly: The farm Stardalur is 
located 20 km Northeast of Reykjavík. Aeromagnetic 
surveys revealed a positive magnetic anomaly, roughly 
2×2 km in dimension with surface residual magnetic 
fields as high as 28 µT. A drilling project was under-
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taken in the 70s to get access to the magnetic rocks and 
seek answers regarding the source of the anomaly 
[12,13]. The top 41 meters consist of olivine tholeiite 
lava and breccia of low magnetization. Below are 
highly magnetic early Quaternary lavas, extending to 
depths of at least 140 m. The remanence magnetization 
of these rocks was found to be Mr = 61 A/m on the 
average. The remanence direction from specimens 
from over 100 m of drill core was found to vary with a 
standard deviation of 4°, which is much lower than in 
other NW–Iceland basalts [13,14]. The magnetic min-
eral was in all cases determined to be pure magnetite 
(Fe3O4) [15], in submicron solvus–exsolution lamellae 
together with ilmenite (FeTiO3), originating from sol-
vus–exsolution of the original titanomagnetite [12]. 
The rocks were found to contain a rather large amount 
of iron (~12 wt.% Fe), still not anomalous, but the 
Mössbauer spectra (see fig. 1) show an unusually high 
fraction of the iron in the magnetite phase, of the order 
of 30%, while 2–5% is a more usual finding. 
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Fig. 1. Mössbauer spectra of a bulk sample and 
magnetic separate of a sample from the Stardalur 
anomaly (sample STI–60). The solid line shows the 
sum of the fitting components indicated with a bar 
diagram on top together with the spectral assign-
ments.  

The spectral line at ~ -6.7 mm/s is characteristic for 
the B sextet of magnetite (Mt–B), originating from 
Fe(II) and Fe(III) on octahedral sites, rapidly exchang-
ing an electron resulting in one sextet component. The 
presence of this sextet–component implies the pres-
ence of the A–line of magnetite (Mt–A) originating 
from Fe(III) atoms on tetrahedral sites in magnetite. 
This component is seen in Fig. 1 with slightly higher 
magnetic hyperfine field than the B–component. For 
pure magnetite, the area ratio between the Mt–A sextet 
and the Mt–B sextets is close to ½.  The center part of 
the spectrum is fitted with lines assigned to paramag-
netic minerals, such as Fe(II) in pyroxene 

(Fe,Mg)Si2O6, olivine  (Fe,Mg)2SiO4 and ilmenite. 
Additionally, the spectrum is fitted with a component 
assigned to paramagnetic Fe(III) mineral(s). Most 
likely, this is Fe(III) in pyroxene, but the hyperfine 
parameters are consistent with numerous mineral 
forms of Fe(III)–containing oxidation products, such 
as chlorite and illite. The hyperfine parameters and 
relative spectral areas are given in Table 1.  

Table 1: Hyperfine parameters obtained from si-
multaneous analysis of the spectra of the Stardalur 
sample STI–60. Columns 2–4 show the values of the 
magnetic hyperfine field, isomer–shift and quadru-
pole splitting/shift, and the last two columns show 
the area fractions in the spectra of the bulk and 
magnetic separates, respectively. 

Spectral 
Comp. 

Bhf 
(T) 

δ 
(mm/s) 

∆EQ 
(mm/s) 

Ab 
(%) 

Am 
(%) 

Mt–A 49.4(2) 0.28(2) <0.02 
Mt–B 46.2(2) 0.68(2) <0.02 31(2)a 64(2)a

Olivine  1.13(3) 2.69(6) 16(1) 7(1) 
Pyrox.   1.15(4) 2.02(7) 22(1) 7(1) 
Ilmenite  1.06(3) 0.74(6) 8(1) 13(1) 
Fe(III)  0.42(6) 0.9(2) 23(2) 9(2) 
aTotal spectral area of magnetite 

 
The hyperfine parameters are in good agreement 

with their assignments (see e.g. [16]). The ilmenite 
fraction increases in the magnetic separate, indicating 
that it is found in close intergrowths with the magnetic 
phase. Combining the results from Mössbauer spec-
troscopy with the results from magnetization meas-
urements (σS,rock = 5.2(2) Am2/kg, Mr ~ 60 A/m) and 
elemental analysis (11.9(4) wt.% Fe), we find the satu-
ration magnetization of the magnetite to be 100(4) 
Am2/kg, in rough agreement with theoretical values, 
and the remanence magnetization of the magnetite to 
be 1164(70) A/m (STI–60). It is assumed in these cal-
culations that the iron in the different minerals has the 
same recoil–free fraction or Debye–Waller factors. For 
iron containing rock–forming minerals the recoil–free 
fractions are similar, and measurements at low tem-
peratures (not shown) ensure that there are no missing 
fractions in the room temperature measurements.    

The Stardalur rocks contain unusually high amount 
of magnetite. However, this alone does not explain the 
remanence found. Most likely, the rocks at Stardalur 
have been exposed to geothermal annealing at tem-
peratures above the Curie temperature. This has led to 
solvus–exsolution of the original titanomagnetite re-
sulting in the highly magnetic mineral magnetite with 
PSD magnetic properties. How the solvus–exsolution 
has led to the pure form of the magnetite and absence 
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of other oxidation products is a very interesting ques-
tion, which we will not attempt to answer here.  

The Bolungarvík rocks: The site called Bolun-
garvík is situated in the Tertiary part of Iceland, 
mainly built up of flood basalts representing the oldest 
exposed rocks in Iceland (14–16 M.y.).  

During field work at the mountain Traðarhyrna 
close to the village Bolungarvík, samples were taken 
from 26 lavas (no. 26 on top) and investigated for their 
magnetic properties and remanence direction (L. Krist-
jánsson, private communication). Samples from three 
of these lavas were found to be unusually highly mag-
netic (Mr up to ~60 A/m). Fig. 2 shows representative 
Mössbauer spectra of samples from one of the lavas.  
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Fig. 2: Mössbauer spectra of two samples from 
Bolungarvík. The solid line shows the sum of the 
fitting components. The bar diagram shows line 
positions for the sextet components. 

The main difference of the spectra in comparison 
to the spectra of samples from Stardalur is seen at 
negative velocities as a difference in the area ratio be-
tween the A and B sextets. This is caused by the pres-
ence of both hematite (α–Fe2O3) and fully oxidized 
titanomaghemite (γ–Fe8/3-4x/3TixO4) [18]. Fully oxidized 
titanomaghemite in Icelandic basalts has been shown 
to form as an oxidation product of titanomagnetite Fe3-

xTixO4 with x > 0.2 while the oxidation of pure mag-
netite favors the formation of hematite [17]. The 
Mössbauer spectra of the two additional minerals are 
rather similar, but hematite shows a quadrupole shift 
(∆EQ = -0.2 mm/s) while titanomaghemite may be as-
sumed to have only a small quadruple shift (|∆EQ| < 
0.05 mm/s) due to the cubic structure of the Fe sites. 
Inserting these values as constraints in the simultane-
ous analysis of the spectra, meaningful results are ob-
tained. The same paramagnetic minerals are found in 
the spectrum as in the case of the STI–60 sample.  

Apart from few samples containing titanomagnetite 
(x > 0.2) and of low remanence, the samples from 

Bolungarvík can be roughly subdivided into two 
groups depending on their Mössbauer spectra and 
magnetic properties. (A) Samples containing fully oxi-
dized titanomaghemite, almost pure magnetite (x < 
0.05) and hematite, but with low remanence intensities 
(<10 A/m). (B) Samples like (A), but with high rema-
nence (>20 A/m). The Mössbauer spectra of the latter 
samples show generally larger peaks for the magnetic 
sextets, and less ilmenite than in the spectra of samples 
(A). This is easily seen, when comparing the spectra of 
the magnetic separates in Fig. 2, where the quadrupole 
split lines of ilmenite dominate the center part of the 
spectrum of the sample with low remanence.   

This may suggest the following hypothesis for the 
origin of the magnetism in the samples. Storage at 
temperatures below 200°C for millions of years, leads 
to the solvus–exsolution of titanomagnetite to ilmen-
ite/magnetite structures. If, however, the rocks are ex-
posed to a high temperature event, the formation of 
fully oxidized titanomaghemite and magnetite takes 
place, as has been demonstrated in annealing experi-
ments [17]. Both processes are known to lead to PSD 
magnetic properties, but the latter one has taken place 
at temperatures above the Curie temperature of the 
original titanomagnetite, leading to a realignment of 
the magnetic moment. There are no signs of hydro-
thermal activity in the area, and possibly lightning 
strikes could be an explanation for the annealing event. 

It is not possible to state here with confidence, 
which of the magnetic minerals is responsible for the 
high remanence magnetization. However, combining 
the results from Mössbauer spectroscopy with  meas-
urements of magnetic properties and elemental analy-
sis, an average over the magnetic oxides in the 
strongly magnetic samples gives a value of Mr ~ 
1270(80) A/m (GF22–1). 

The Kjalarnes anomaly: About 15 km north of 
Reykjavík, just outside the Kjalarnes peninsula, an 
aeromagnetic survey has revealed a strong negative 
magnetic anomaly [19]. The residual magnetic field 
900 m above the surface is as strong as -3.8 µT. On-
shore, highly magnetic intrusive rocks are found (Mr as 
high as 50 A/m).  

The Mössbauer spectra of samples from Kjalarnes 
are very different from the spectra of the samples from 
both Stardalur and Bolungarvík (see Fig. 3). The sextet 
component shows broad lines with reduced magnetic 
hyperfine field indicating a distribution in Fe environ-
ments, hampering a detailed analysis of the Mössbauer 
spectra. Still, the average valence state of iron in the 
magnetic phase can be estimated to be 
Fe(III)sextet/Fe(tot)sextet = 0.67(5), and the area fraction, 
or the relative concentration of Fe in the magnetic 
phase can be estimated (here 33(2) %). 
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Fig. 3: (A) Mössbauer spectrum of a sample from 
Kjalarnes (KJ–E1). The solid line shows the sum of 
the fitting components. (B) Curie temperature de-
termination. 

A possible explanation for the spectral shape could 
be that the magnetic phase is titanomaghemite (not 
fully oxidized), and this is supported by X–ray diffrac-
tion results, which show the presence of a spinel phase 
and the absence of a rhombohedral phase (hematite). 
Attempts to  obtain a magnetic separate by crushing 
the samples down to an average particle size ~ 50 µm 
and applying a hand magnet proved  only moderately 
successful (increase in the spectral fraction of sextets 
by ~10%). This suggests small (micrometer–sized) 
particles of the titanomaghemite, as confirmed by  in-
spection with an optical microscope. The Curie tem-
perature (see Fig. 3) is found to be 350(50)°C, giving 
the Ti/Fe ratio of 0.25(5) using lattice parameter/Curie 
temperature diagrams (see e.g. [20]). Combining these 
findings with the results of the elemental analysis and 
the magnetic properties measurements, it is possible to 
estimate the saturation magnetization of the magnetic 
phase to be σS = 33(4) Am2kg-1 and the remanence 
magnetization of the spinel phase to be Mr = 1035(90) 
A/m (KJ–3). The samples from Kjalarnes show rather 
poor thermal stability, and this is readily seen in the 
Curie temperature determination, where the Curie 
temperature increases upon annealing. Therefore, it 
seems rather unlikely that the rocks have been sub-
jected to an annealing event, and more likely that the 
rocks solidified under oxidizing conditions. All these 
results suggest that the magnetism of the samples is 
due to SD titanomaghemite. 

Discussion: The features common to the anoma-
lous rocks in the present study are: Unusually  high 
concentration of spinel phases in the rocks, and 
remanence magnetizations of the magnetic phases of 
the order of 1000 A/m. Only 2 wt.% of such material 
is needed to explain the remanence properties of the 
Martian crust, a value not too different from the find-

ings in the SNC meteorites [21]. At least two different 
processes seem to lead to the formation of highly mag-
netic rocks. High–temperature oxidation of the magma 
prior to or during quenching, leading to the formation 
of SD titanomaghemite (Kjalarnes) or annealing of the 
lava above the Curie temperature (Stardalur, Bolun-
garvík). Which of these processes is a better candidate 
for the interpretation of  events on Mars cannot be 
answered here. Kjalarnes seems to offer the simpler 
explanation, where the formation of the anomaly has 
taken place in a single process. However, the anneal-
ing hypothesis is not an unlikely scenario. The thick-
ness of the crustal rocks that give rise to the anomalies 
on Mars may offer the necessary clue. The rocks have 
probably solidified deep below the surface, at tempera-
tures above the Curie temperature. The slow cooling 
has then led to the annealing situation that may have 
given the rocks their PSD magnetic properties. 

Conclusions: Three magnetic anomalies in Iceland 
have been studied. The carrier of the remanence mag-
netization is in all cases Fe–Ti oxide phases. Only 2 
wt.% of the magnetic material is needed to explain the 
magnetic properties of the Martian crust. 
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