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Abstract–We present a description of opaque minerals, opaque mineral compositions,
magnetic properties, and paleomagnetic record of the Tissint heavily shocked olivine-phyric
shergottite that fell to Earth in 2011. The magnetic mineralogy of Tissint consists of about
0.6 wt% of pyrrhotite and 0.1 wt% of low-Ti titanomagnetite (in the range ulv€ospinel 3–15
magnetite 85–97). The titanomagnetite formed on Mars by oxidation-exsolution of
ulv€ospinel grains during deuteric alteration. Pyrrhotite is unusual, with respect to other
shergottites, for its higher Ni content and lower Fe content. Iron deficiency is attributed by
an input of regolith-derived sulfur. This pyrrhotite has probably preserved a metastable
hexagonal monosulfide solution structure blocked at temperature above 300 °C. The
paleomagnetic data indicate that Tissint was magnetized following the major impact
suffered by this rock while cooling at the surface of Mars from a post-impact equilibrium
temperature of approximately 310 °C in a stable magnetic field of about 2 µT of crustal
origin. Tissint is too weakly magnetic to account for the observed magnetic anomalies at the
Martian surface.

INTRODUCTION

The discovery of the intense crustal magnetic
anomalies on Mars was a major result of recent
Martian exploration (Acu~na et al. 1999; Langlais et al.
2010). However, although there is little doubt that a
core dynamo was necessary to magnetize the crust, the
lithology of the source of the large crustal remanent
magnetization observed today remains puzzling (e.g.,
Quesnel et al. 2009). Martian meteorites are the only

samples from Mars available to date. Although they
provide a biased sampling of the Martian crust, the
study of their magnetic properties may provide clues to
the understanding of Martian crustal magnetism, and
hence crustal magnetic mineralogy and dynamics.

Opaque minerals in Martian meteorites have been,
in general, studied for information on the evolution of
Martian magmas and their oxidation state (e.g.,
Goodrich et al. 2003; Lorand et al. 2005). On the other
hand, the magnetic properties (e.g., Rochette et al.
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2005) and paleomagnetism (e.g., Cisowski 1986) of
nakhlites and shergottites provide the following general
picture: these meteorites contain pyrrhotite and/or
(titano)magnetite as magnetic minerals, and they most
likely record Martian surface fields of crustal remanent
origin (Cisowski 1986; Gattacceca and Rochette 2004).
However, these studies usually originate from different
disciplinary groups (petrologists and mineralogists on
one hand, rock magnetists and paleomagnetists on the
other hand) and have never been really integrated.

In this work, we combine the study of opaque
minerals, as well as magnetic properties and the
paleomagnetic record of the Tissint olivine-phyric
shergottite, to identify which phases carry the
magnetization and how this magnetization was acquired.
This is the first detailed study envisioning the balance of all
potential magnetic carriers (i.e., Fe-Ti oxides, chromites,
and Fe-Ni sulfides) in an olivine-phyric shergottite.

The Tissint meteorite, which fell in July 2011 in
Morocco, is an olivine-phyric shergottite (as defined by
Goodrich 2002), and only the fifth recovered Martian
meteorite fall (Chennaoui Aoudjehane et al. 2012). It
offers the opportunity to study the magnetic mineralogy
and the paleomagnetic signal of a sample from Mars
that has not suffered terrestrial weathering. This pristine
character is crucial for two main reasons: the absence of
terrestrial weathering minerals, some of which are
ferromagnetic (notably those replacing Fe-Ni sulfides;
Lorand et al. 2005), and also the better preservation of
the paleomagnetic signal of such a meteorite fall.

MATERIALS AND METHODS

We have been able to work on 35 samples from the
Tissint meteorite, with mass ranging from 30 mg to
29 g. The first samples were available in our laboratory
only 6 months after the fall. We have measured the
following magnetic properties: natural and artificial
remanences and their behavior upon thermal pressure
and alternating field (AF) demagnetization, hysteresis
parameters at room and low temperatures, anisotropy
of magnetic susceptibility. We also used magneto-
optical imaging coupled with high spatial resolution
electron microprobe analyses, and M€ossbauer
spectroscopy. In view of the large numbers of acronyms
and the nonintuitive units used in used rock magnetism,
we provide an overview of the magnetic properties
discussed in this work in Table S1.

Low-temperature (LT) hysteresis measurements
were performed with a Princeton� Micromag Vibrating
Sample Magnetometer equipped with a LT cryostat and
a maximum applied field of 1 T. High-temperature
hysteresis measurements were also performed on a
Princeton VSM equipped with a high-temperature

furnace and a maximum applied field of 1.8 T. Moment
sensitivity of the VSM is approximately 5 9 10�9 Am2.
The analysis of hysteresis loops provided the ratio of
saturation remanent magnetization (MRS) to saturation
magnetization (MS) and the coercive force (BC). High-
field susceptibility (vHF) was determined by a linear fit
for applied fields >0.9 T of the hysteresis loops.
Remanent coercive force (BCR) was determined by DC
back-field experiments performed with the VSM. Other
low-temperature measurements were performed with an
MPMS from Quantum Design�. This instrument has a
moment sensitivity of 10�11 Am2, and can operate in
the 1.9–400 K temperature range.

The low-field specific susceptibility (written as v in
m3 kg�1) and its anisotropy were measured using Agico
MFK1 apparatus with sensitivity of 5 9 10�13 m3,
operating at 200 A m�1 peak field and a frequency of
976 Hz. The anisotropy of magnetic susceptibility was
characterized by the shape parameter T (Jelinek 1981),
and the anisotropy degree P (ratio of maximum to
minimum susceptibility). The anisotropy of isothermal
remanent magnetization (IRM) was measured using a
three-position scheme, and was characterized in the
same way by PIRM and TIRM.

All remanence measurements were performed with a
SQUID cryogenic magnetometer (2G Enterprises, model
755R, with noise level of 10�11 Am2) with an attached
automatic AF 3-axis degausser system (maximum peak
field 170 mT) placed in a magnetically shielded room. To
avoid the possible acquisition of gyroremanent
magnetization during AF demagnetization, we used the
Zijderveld-Dunlop correction method (Stephenson 1993)
above 40 mT AF. Thermal demagnetization and
acquisition of partial or total thermoremanent
magnetizations were performed using an MMTD
furnace, under argon atmosphere above 250 °C. IRM
were imparted using a pulse magnetizer from Magnetic
Measurements. IRM acquisition curves were obtained
using the VSM. Remagnetization under pressure (PRM:
piezoremanent magnetization, an analog for the
magnetization acquired by rocks during a shock event in
the presence of an ambient field) was studied using a
nonmagnetic pressure cell and experimental settings
described in Gattacceca et al. (2010a). To determine the
nature of the natural remanent magnetization (NRM),
we compare its coercivity (AF levels at which it is
demagnetized) and unblocking temperature (temperature
at which is it demagnetized) spectra with different
artificial remanences: SIRM (saturation IRM), TRM
(thermoremanent magnetization), and pTRM (partial
thermoremanent magnetization).

All magnetic measurements were performed at
CEREGE (Aix-en-Provence, France), with the exception
of M€ossbauer spectroscopy (at CBPF, Rio de Janeiro,
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Brazil), MPMS (at IPGP, Paris, France), and high-
temperature VSM measurements (at IRM, Minneapolis,
MN, USA).

Magneto-optical observations were performed using
a system modified from that described by Uehara et al.
(2010). In the previous method, the Faraday rotation
angle, that is a calibrated function of the surface
magnetic field, was computed from the brightness of the
magneto-optical image. However, the accuracy of this
method strongly depends on the brightness of the light
source and the unevenness of the lightning within the
field of view. A new optical microscope system with a
fixed polarizer and a motor-controlled rotatable
analyzer has been developed to measure the Faraday
rotation angle directly. This system takes several images
at different polarizer-analyzer angles (h) by rotating the
analyzer. At small angles (less than �5°), the brightness
of a given pixel (I) can be approximated by a parabolic
function of h, given by I(h) = ah2 + q, where a and q
are positive constants linked to the illumination and the
quality of the polarizers. The brightness is minimum
when the analyzer and the polarizer are crossed (h = 0).
When a magneto-optically active film (hereafter called
“indicator”) is mounted on the magnetized polished
sample, the polarization plane is rotated in the indicator
by a Faraday rotation angle aF that is a function of the
magnetic field intensity. As a result, the above equation
becomes I(h) = a(h � aF)

2 + q. Thus, aF, that is
independent from the illumination (a and q), can be
determined precisely by polynomial fitting of I(h), and a
map of aF (and therefore of the magnetic field) can be
obtained by conducting such fitting over the entire
image (1024 9 1024 pixels). The entire procedure,
including image stacking to reduce the signal–noise
ratio, is controlled by LabVIEW software.

The 57Fe M€ossbauer spectroscopy was performed in
transmission geometry at room temperature.
Measurements were performed at high velocity
(12 mm s�1), using a 90 mg cm�2 absorber of the bulk
meteorite sample with recording time of 1 month. Normos
code (Brand 1995) was used for the spectral analysis.

Wavelength-dispersive quantitative analyses of
oxide minerals were made on the Cameca SXFive
electron microprobe at the Camparis EMP center
(Universit�e Paris VI), using 15 keV and 10 nA, and on
the SXFiveFE probe at Cameca SAS (Gennevilliers),
using 10 keV and 10 nA. The oxides were imaged on a
Tescan VEGA II LSU SEM in conventional mode, and
characterized with an SD3 (Bruker) EDS detector at the
LMCM in the Mus�eum National d’Histoire Naturelle,
Paris (France). Sulfides were analyzed by WDS at the
Camparis EMP center (a few grains analyzed in one
polished section) and by an EDS standardless procedure
(Tescan VEGA II LSU SEM, Mus�eum National
d’Histoire Naturelle, Paris) after careful imaging of each
grain in the BSE mode to avoid phase-mixing
contaminations. SEM was preferred over EMP for its
better spatial resolution (a few hundred nanometers
versus a few square micrometers), allowing fine
pentlandite-pyrrhotite intergrowths to be resolved. The
accuracy and precision of SEM analyses were checked
by replicate analyses of a terrestrial troilite (Del Norte
County, California; Chevrier et al. 2011; Lorand et al.
2012). Both analytical procedures agree within
analytical uncertainties (Table 1).

OPAQUE MINERAL PETROGRAPHY AND

COMPOSITION

The olivine-phyric shergottites (Goodrich 2002), in
general, contain pyrrhotite and the following oxides:
chromite, ulv€ospinel, ilmenite (Herd et al. 2002;
Goodrich et al. 2003; Gross et al. 2011). Petrographic
observations of Tissint showed the presence of
chromite, ilmenite, ulv€ospinel (these oxides amounting
to less than 1 wt% in total), and pyrrhotite (Chennaoui
Aoudjehane et al. 2012). Among these minerals,
pyrrhotite (Rochette et al. 2001) and chromite (Yu et al.
2001) can be ferromagnetic at room temperature,
depending on their composition. It has also been
proposed that peculiar Fe-Cr-Ti spinels may account for
the magnetic properties of some shergottites (Yu and

Table 1. Selected analyses of pyrrhotite.

Incl in olivine
Matrix magmatic
sulfides Shock droplets

Del Norte County troilite

n = 5 n = 36a n = 10b

Fe 54.1 54.1 56.0 56.5 57.9 57.85 59.1 61.9 61.8 63.45 (0.05) 63.43 (0.23) 63.30 (0.30)

Ni 6.9 6.2 4.8 4.8 4.5 3.0 1.4 1.2 1.27
S 38.9 39.5 39.1 37.6 38.57 38.75 39.5 36.7 36.6 36.53 (0.03) 36.56 (0.20) 36.31 (0.20)

SEM EMPA SEM SEM SEM EMPA SEM SEM EMPA SEM EMPA EMPA
M/S 0.88 0.875 0.89 0.95 0.91 0.89 0.88 0.99 0.99 0.999 0.998 1.000

Results are in wt%. M/S, metal/sulfur (atomic ratio). Del Norte County is a terrestrial troilite used as external standard. SEM, scanning

electron microscope standardless procedure (MNHN); EMPA, electron microprobe analyses (Camparis).
aChevrier et al. (2011).
bLorand et al. (2012).
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Gee 2005). We present here detailed petrographic
observations and chemical analysis of sulfides and
oxides. A list of opaque minerals discussed in this work
is provided in Table S2.

Mineralogy of Fe-Ni Sulfides

Tissint sulfides show some particularities compared
with shergottites and other SNC meteorites investigated
so far for sulfide mineralogy. Two distinct populations
of sulfide grains are observed, one predating the major
shock suffered by Tissint, and a second one formed
during this shock event (Fig. S1). The first population
consists of polyhedral grains, regularly shaped to
anhedral grains between a few micrometers up to
several tens of micrometers in size, as encountered in
the other olivine-phyric shergottites (Goodrich 2002).
These grains are all located at multiple junctions of
major silicates (pyroxene, maskelynite, less commonly
neighboring chromite; Fig. 1D). Such grains have been
reported in all SNC meteorites studied so far for sulfide
minerals, regardless of shock intensities (Lorand et al.
2005, 2012; Chevrier et al. 2011). They are considered
crystallization products from magmatic sulfide melts
trapped in the rock porosity during the igneous
crystallization history. They will be referred to as
“magmatic” sulfides in the following. We include in this
group the rare sulfide grains found in magmatic
inclusions of olivine megacrysts (Figs. 1B and 1C).
Some magmatic sulfides are partially remelted (Fig. 1E)
or seem to contain bubbles (Figs. 1F and 1G). We
interpret this as textural evidence that some shock-
related sulfides partly derive from erosion of pre-
existing magmatic sulfides that first become cloudy and
spongy (e.g., Walton and Spray 2003). The shock-
related droplet-shaped blebs are smaller (10 lm on
average), and are organized as network-forming cells
inside remelted areas of the rock, which we interpret as
recondensation of vaporized sulfide that was separated
from glassy material (e.g., Sutton et al. 2008). Shock
pyrrhotite droplets in glassy areas define a S-loss trend
toward troilite composition, irrespective of Ni content.
This trend is interpreted as partial devolatilization of S,
as recently documented in great detail in NWA 2737, a
highly shocked chassignite (Lorand et al. 2012).

Some pyrrhotite analyses are given by Chennaoui
Aoudjehane et al. (2012), and we present here new
analyses on about 80 individual sulfide grains from 36
locations throughout two polished sections (Table 1).
Compared with all pyrrhotite analyzed so far in
shergottites and nakhlites, Tissint pyrrhotites are poor
in metal, i.e., they have a lower (Fe+Ni)/S ratio,
regardless of the Fe/Ni ratio. Metal/sulfur ratio of
magmatic grains shows considerable scatter between

monoclinic-type (Fe7S8) and hexagonal-type (Fe9S10)
endmembers (Fig. 2). This scatter is reproduced in both
analytical procedures (EMP WDS and SEM EDS),
although the SEM analyses tend to cluster around the
monoclinic-type composition. However, there is no
reason to assume analytical bias as: (1) the SEM
analyses of Del Norte County troilite perfectly match
the composition of stoichiometric troilite (FeS) and (2)
both EMP and SEM procedures produce similar
variation in the M/S ratios (from 0.86 to 0.92 for
magmatic grains and 0.87–1.03 for shock droplets). The
scatter in Fig. 2 is probably reflecting actual
compositional variations (note the much higher number
of SEM analyses compared with EMP analyses) rather
than analytical bias generated by either of the two
analytical methods.

Ni contents are highly homogeneous on the scale of
individual grains (relative standard deviation better than
10%), but vary according to location of sulfides
(Fig. 2). The most Ni-rich pyrrhotites are hosted in
inclusions in olivine. Magmatic pyrrhotite grains
associated with pyroxene clusters are poorer in Ni (4–
5 wt% Ni). Shock pyrrhotite droplets show uniformly
depleted Ni contents around 1–2 wt%. This Ni
variation pattern cannot be ascribed to contamination
of spot analyses by micron-sized pentlandite.
Pentlandite is very scarce in Tissint pyrrhotite compared
with similar olivine-phyric shergottites. Pentlandite only
occurs as a few tiny flame-shaped blebs always
concentrated on discontinuities such as fracture planes
or grain edges, leaving large pyrrhotite cores free from
pentlandite (Figs. 1B and 1C). If the pyrrhotite analyses
were polluted by such pentlandite flames, then the Ni
content should positively correlate with metal/sulfur, as
documented in the shergottites previously studied for
sulfide mineralogy (Lorand et al. 2005). Clearly, this is
not the case (Fig. 2).

Tissint pyrrhotite shows metal/sulfur values
displaced toward the monoclinic-type endmember with
a tail of values plotting inside the two-phase field
hexagonal (Hpo) + monoclinic (Mpo) pyrrhotite and
intermediate pyrrhotite hexagonal structures (Fe9S10 to
FeS). This is, at first glance, inconsistent with whole-
rock magnetic measurements (see below) that seem to
rule out low-T ordered monoclinic pyrrhotite structure
as the major magnetic carrier. To reconcile observations
and magnetic measurements, we have to consider the
following alternatives: (1) two-phase pyrrhotite
intergrowth and (2) high-temperature, metastable
disordered hexagonal pyrrhotite solid solution
(monosulfide solid solution; Mss) showing more
flexibility in metal/sulfur ratios. No intergrowths have
been detected in the BSE mode; hence, the first
interpretation lacks evidence. By contrast, the second
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Fig. 1. Backscattered electron images of Tissint sulfides. Scale bar is 20 lm except for A. A) Illustration of the two sulfide
textures described in the text. Field of view = 2 mm. B,C) pyrrhotite inclusion inside magmatic inclusion of olivine megacryst.
Enhanced contrast in C reveals small pentlandite grains (Po, pyrrhotite; Pn, pentlandite). D) Unmodified magmatic pyrrhotite
(mk, maskelynite; chr, chromite; px, pyroxene). E) Partly remelted magmatic sulfide. F) Magmatic sulfide with bubbling zone
inside the pyrrhotite. G) Detail of F.
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alternative is supported by the high Ni contents that are
clearly in solid solution inside the pyrrhotite lattice. Mss
is characterized by complete miscibility between Fe and
Ni and metal/sulfur ratios covering the whole range of
metal/sulfur ratio of natural pyrrhotite, while possessing
a 1C, disordered hexagonal structure (Fleet [2006] and
references therein). Tissint pyrrhotite compositions
actually plot inside the Mss field at T = 400 °C, while a
few analyses protrude into the S-rich side of the Mss
stability field at 300 °C in the Fe-Ni-S ternary diagrams
(Fig. S1). This indicates that Ni diffusion and structural
rearrangement were blocked within the temperature
range 300–400 °C. Cooling below 300° should convert
the Ni into pentlandite while unmixing Hpo and Mpo.
Incipient pentlandite exsolution occurring only on
defects, fracture planes, and outer rims indicates
heterogeneous nucleation processes that are thought to
occur well above 250 °C in Mss. However, the kinetics
of re-equilibration strongly depend on pyrrhotite
composition. For instance, metal-poor (vacancy-rich)
compositions inhibit the exsolution of pentlandite
(Etaschmann et al. 2004). To summarize, Tissint
pyrrhotites probably have preserved a metastable Mss
structure blocked at temperatures above 300 °C. The
contrasting Ni partitioning between olivine hosted
grains and matrix pyrrhotites reflects the larger amount
of Ni available for Ni-Fe exchange inside olivine.
Conversely, the Ni-poor composition of shock sulfides

is related to the Ni-poor compositions of shock melts
and/or quick reheating/cooling after the shock peak.

However, our interpretation leaves open other
issues such as the influence of several percent Ni on
pyrrhotite magnetic properties or the contributions of
both populations of sulfides (magmatic, shock-derived)
to bulk magnetic properties (it is worth pointing out
that some shock sulfides are close to single-domain
grains in terms of grain size). The question that also
arises is why Tissint magmatic pyrrhotite is so metal-
deficient. Only the olivine-phyric shergottite DAG 476
has been reported with similar pyrrhotite composition,
yet this clearly results from terrestrial weathering
(Lorand et al. 2005). A terrestrial origin is very unlikely
for Tissint, which is an observed fall in a desert area
and was collected only weeks after its fall, and is totally
devoid of sulfide alteration products (i.e., Fe-
oxyhydroxides). We may surmise that massive input of
regolith-derived sulfur raised the fugacity of sulfur
(sulfate?) to levels at which metal-deficient pyrrhotite
became stable (as documented in nakhlites that bear
isotopic evidence of atmospheric sulfur recycling;
Chevrier et al. 2011). Then shock remelted both sulfates
and sulfides, promoting additional sulfide melt
exsolution concomitant with localized sulfur loss, as
indicated by the progressive shift of a few pyrrhotite
compositions toward the FeS-type pyrrhotite
endmember in melt pockets. If pervasive devolatilization
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Fig. 2. Compositional features of Tissint Fe-Ni sulfides. Diamonds and triangle: standardless scanning electron microscope
energy dispersive analyses calibrated with Del Norte County troilite (triangles: shock melted sulfides); squares: wavelength-
dispersive electron microprobe analyses (Camparis). Shaded area: Shergottite pyrrhotite compositional range (free from terrestrial
weathering; Lorand et al. 2005). The pentlandite-pyrrhotite (Pn-Po) mixing arrow assumes hexagonal-type (Fe9S10) pyrrhotite
endmember contaminated by pentlandite (Fe/Ni at. = 1).
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had occurred, then Tissint would be almost S-free and
metal-rich, which is not observed. Crustal sulfur
assimilation and solution into shock melts explain the
sulfides that decorate melted areas. This external sulfur
addition is probably responsible for the metal deficiency
in Tissint pyrrhotite. The fact that Ni/Fe ratios
correlate with host mineral compositions (Ni-rich
pyrrhotite inside olivine) indicates that the high-
temperature partitioning of Fe and Ni between sulfides
and silicates survived the shock event.

Oxides

The main oxide phase in Tissint is chromite, which
shows zoning to intermediate Ti-Cr spinel. Ulv€ospinel and
ilmenite are also present as separate grains, with rare
micron-sized magnetite grains close to some ulv€ospinels.
Oxide compositions determined by EMP are shown in
Table 2 and Fig. 3. The ulv€ospinels plot close to the
ulv€ospinel apex of the spinel prism and the ulv€ospinel end
of the ulv€ospinel-magnetite join, and there is an almost
complete series of intermediate compositions between
chromite and ulv€ospinel. These spinels are similar in
composition to those of composite spinels in other olivine-

phyric shergottites, such as EETA79001A and NWA 1110
(McSween and Treiman 1998; Goodrich et al. 2003).

Chromite cores in the lherzolitic shergottites ALH
77005 and LEW 88516, and in the basaltic shergottite
EET 79001 (McSween and Treiman 1998) have similar
compositions to Tissint chromite grains. The chromite
rims in the lherzolitic shergottites have compositions
falling in the range of Tissint Ti-Cr spinels (McSween
and Treiman 1998). Tissint ulv€ospinel compositions are
also like those for the basaltic shergottites EET 79001
and QUE 94201 (McSween and Treiman 1998), but they
are less Fe-rich than those for Shergotty
titanomagnetites (Stolper and McSween 1979).

All analyzed oxide grains show bulk compositions
that correspond to paramagnetic oxides at room
temperature (Table 2, Fig. 3). However, magneto-
optical imaging of magnetically saturated polished
sections shows that some oxide grains are ferromagnetic
at room temperature. Figure 4A shows an example
where ferromagnetic sulfides, ferromagnetic oxides, and
nonferromagnetic oxides can be seen. The ferromagnetic
oxides identified by magneto-optical imaging were
further analyzed by EMP, and all have ulv€ospinel bulk
compositions. This bulk composition should be

Table 2. Selected analyses of chromite, Cr-Ti spinel, ulv€ospinel, ilmenite, and magnetite in Tissint.

SiO2 0.14 0.24 0.10 0.11 0.08 0.01 0.05 0.07 0.11 nd 0.00
Cr2O3 59.29 57.58 52.61 19.68 11.08 6.17 1.49 1.28 1.28 1.21 0.27

TiO2 0.67 0.83 3.04 20.54 25.19 28.21 33.80 28.23 24.87 3.97a 52.92
FeO 25.78 31.47 34.30 51.95 57.64 57.44 58.31 62.35 68.01 81.55b 44.42
MgO 5.77 2.44 1.73 1.13 0.80 1.23 1.06 0.93 0.88 0.19 1.72

Al2O3 7.46 7.07 5.96 3.76 2.46 2.69 1.71 1.91 1.80 2.00 0.00
V2O3 0.50 0.39 0.55 0.44 0.47 0.38 0.41 0.29 0.36 nd 0.34
MnO 0.78 0.69 0.74 0.82 0.74 0.62 0.68 0.68 0.60 nd 0.73
Total 100.42 100.73 99.06 98.43 98.51 96.75 97.50 95.83 97.91 88.91 100.40

Si 0.005 0.008 0.004 0.004 0.003 0.000 0.003 0.003 0.004 0.000
Cr 1.606 1.596 1.497 0.571 0.324 0.183 0.049 0.039 0.038 0.04 0.005

Ti 0.017 0.022 0.082 0.567 0.700 0.796 0.876 0.806 0.693 0.12 0.987
Fe3+ 0.035 0.041 0.063 0.111 0.148 0.094 0.100 0.249 0.478 1.63 –
Fe2+ 0.704 0.881 0.969 1.484 1.634 1.708 1.799 1.732 1.630 1.11 0.922

Mg 0.295 0.127 0.093 0.062 0.044 0.069 0.058 0.052 0.048 0.01 0.064
Al 0.301 0.292 0.253 0.163 0.107 0.119 0.080 0.086 0.079 0.09 0.000
Mn 0.023 0.020 0.023 0.025 0.023 0.020 0.022 0.022 0.019 0.015

V 0.014 0.011 0.016 0.013 0.014 0.011 0.013 0.009 0.011 0.010

Oxide

name Chromite Chromite Chromite

Ti-Cr

spinel

Ti-Cr

spinel

Ti-Cr

spinel Ulv€ospinel Ulv€ospinel Ulv€ospinel Magnetite Ilmenite

Spinel 15.24 14.81 12.78 8.22 5.41 5.99 4.05 4.31 3.97 4.73
Chromite 81.27 80.89 75.71 28.86 16.36 9.20 2.46 1.94 1.89 1.92
Ulv€ospinel 1.74 2.22 8.32 57.31 70.73 80.08 88.42 81.20 69.98 11.95a

Magnetite 1.75 2.08 3.19 5.61 7.49 4.73 5.07 12.54 24.15 81.40b

Oxides are in wt%. Cation formulae are computed based on ideal structures of 3 cations per 4 oxygens for spinel, and 2 cations per 3 oxygens

for ilmenite.
aMaximum value.
bMinimum value, assuming residual overlap.
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paramagnetic at room temperature, so one needs to
invoke the existence of ferromagnetic Fe-rich domains
in the ulv€ospinel. Indeed, SEM imaging shows that
most ulv€ospinel grains contain fine lamellae, which are
somewhat deformed and displaced by shock effects
(Figs. 4B and 4C). The widest lamellae (Fig. 4D) are
closer to ilmenite than to ulv€ospinel in probe analyses,
and similar in composition to the large grains of
ilmenite. The presence of ilmenite lamellae indicates
oxidation-exsolution in the parent ulv€ospinel along
several crystallographic planes, such that the residual
host spinel phase is magnetite-rich. These Fe-rich
domains are too small for conventional microprobe
analysis, so we pursued the problem using the
SXFiveFE probe at the Cameca factory. The field
emission electron column achieved a very high spatial
resolution and showed that the small (mostly below
1 lm) magnetite islands seen in Figs. 4B, 4C, and 4E
contain <4 wt% TiO2. Ti-free residual spinel would
require approximately 45% magnetite and
approximately 55% ilmenite, roughly consistent with
observed abundances (Fig. 4B).

Similar oxidation-exsolution of ulv€ospinel is seen in
QUE 94201 (McSween and Treiman 1998), and suggested
in other shergottites (Cisowski 1986) and common in
terrestrial rocks (e.g., Buddington and Lindsley 1964).
While FeO in spinel is oxidized to produce magnetite,

the Fe2O3 in a coexisting ilmenite phase may be reduced
to magnetite. Righter et al. (2012) proposed a reaction
in which Fe2O3 + FeS produce magnetite in nakhlites.
The magnetite and ilmenite compositions listed in
Table 2 cannot strictly be used for thermobarometry
because of the residual overlap in the electron probe
data. However, if we assume that the true magnetite
composition lies between the value listed and pure
magnetite, we calculate equilibration (Lindsley and
Spencer 1982; Lepage 2003) at 300–400 °C and oxygen
fugacity between FMQ-1 and FMQ-5. This is consistent
with oxygen fugacities in olivine-phyric shergottites and
the observation that oxidation state did not change
from early- to late-stage crystallization (Goodrich et al.
2003). It suggests that the oxy-exsolution reaction
occurred by cooling in a closed system without the
introduction of particularly oxidizing fluids, and
is not a product of the hydrothermal alteration
described in Tissint by Chennaoui Aoudjehane et al.
(2012).

INTRINSIC MAGNETIC PROPERTIES

The magnetic properties of Tissint are summarized
in Table 3, and a list of acronyms is provided in Table
S1. It is noteworthy that hysteresis properties and
magnetic susceptibility, measured on bulk samples, are

Chrom Usp

Mgt

Spin Chrom

Usp

Fe2+ Fe3+

Ti

A B C

Fig. 3. Compositions of oxide minerals in Tissint. Triangles = chromite; squares = Ti-Cr spinel forming rims on chromite;
diamonds = ulv€ospinel; stars = ilmenite; small dots are from Chennaoui Aoudjehane et al. (2012).

Fig. 4. A) Reflected light image of a polished section of Tissint previously saturated in a field of 3 T. Two profiles cutting
through sulfide and oxide grains are highlighted. The reflected light intensity (relative scale) and the vertical surface magnetic
field along these profiles are indicated. Magnetic field profiles were obtained using magneto-optical imaging. The outlined sulfide
is ferromagnetic, as well as oxide grains numbered 1 and 2. Oxide grain number 3 is not ferromagnetic. B) Scanning electron
microscope (SEM) backscattered electron (BSE) image of a ferromagnetic oxide, with dark (ilmenite) lamellae and bright residual
Fe-rich spinel host, and minor pyrrhotite on the edge of the oxide. C) SEM BSE image of a ferromagnetic oxide grain, showing
faulting and deformed lamellae. The white box corresponds to the elemental map of Fig. E. D) SEM BSE image of a
ferromagnetic oxide, with a wide ilmenite lamella in bright ulv€ospinel host containing very fine lamellae. E) Combined elemental
maps with Ti (red) and Fe (blue) Ka X-rays. Ilm, ilmenite (red), Mag, magnetite (blue), Usp, ulv€ospinel (purple or violet).
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homogeneous down to the scale of at least 30 mg, i.e.,
approximately 10 mm3. Therefore, in the following, all
values are average values with standard deviations. The
hysteresis loops (Fig. 5), the BCR of 77 � 4 mT

(Table 3), the median destructive field (MDF) of SIRM
of 55 mT, the S�300 ratio of 0.76 � 0.02 (computed as
the ratio of SIRM superimposed with a back-field IRM
at 300 mT over SIRM), and the absence of saturation
below 1 T (Fig. 6), all together indicate that the
magnetic signal at room temperature is dominated by
high-coercivity minerals. Thermal demagnetization of
SIRM (Fig. 7B) shows two inflexions at about 260 °C,
and in the 500–560 °C range with a maximum
unblocking temperature of 585 °C. This suggests that
SIRM is carried in equivalent parts by pyrrhotite (Curie
temperature TC of 290 and 320 °C for hexagonal and
monoclinic forms, respectively) and a high TC phase.
Comparison of partial TRM acquired at 340 °C and
total TRM (Table 3) shows that TRM is also carried in
approximately equivalent parts by pyrrhotite and this
high TC phase. The hysteresis parameters BCR/BC =
1.67 � 0.06 and MRS/MS = 0.38 � 0.04 indicate an
overall pseudosingle domain behavior. Overall, the bulk
magnetic properties are in the range observed for other
pyrrhotite-bearing basaltic shergottites (Rochette et al.
2005).

The determination of the high TC phase that carries
about half of SIRM and TRM is not straightforward.

Table 3. Magnetic properties of Tissint meteorite.

Unit Mean � SD n

MRS Am2 kg�1 6.23 � 0.82 10�2 16
MS Am2 kg�1 1.72 � 0.30 10�1 10

BCR mT 77.5 � 4.0 10
BC mT 46.4 � 2.3 10
v m3 kg�1 1.14 � 0.23 10�6 26

vf m3 kg�1 6.86 � 2.05 10�7 26
pTRM 80 °C Am2 kg�1.lT 2.18 10�7 1
pTRM 120 °C Am2 kg�1.lT 6.45 � 2.45 10�7 3

pTRM 340 °C Am2 kg�1.lT 1.29 � 0.06 10�5 3
TRM 590 °C Am kg�1.lT 2.17 � 0.28 10� 3
PRM 2 GPa Am kg�1.lT 2.01 10�7 1
PRM 1.2 GPa Am kg�1.lT 1.28 10�7 1

PRM 0.4 GPa Am kg�1.lT 5.10 10�8 1
NRM Am2 kg�1 2.75 � 2.00 10�5 17

All abbreviations are defined in the text.

TRM, pTRM, and PRM intensities are normalized to the ambient

field. NRM is the average for the 17 samples that were not affected

by magnet contamination.
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This high TC phase could be magnetite (TC of 580 °C),
a metal phase (as found in two shock-blackened Martian
meteorites; Van de Moort�ele et al. 2007), or a substituted
hematite that has been proposed as a candidate for
Martian crustal magnetism by McEnroe et al. (2002,
2004). In view of the maximum unblocking temperature
of 585 °C, this titanohematite would be Fe2-xTixO3 with
x ~ 0.1 (Dunlop and €Ozdemir 1997). However, such a
titanohematite should be present in large amount, at least
30 wt% based on MS ~ 0.5 Am2 kg�1 for titanohematite
with this composition (Dunlop and €Ozdemir 1997) and a
MRS/MS of 0.5) to account for the IRM unblocked
between 350 and 600 °C. As no titanohematite has been
observed by petrographic observation, this hypothesis
can be clearly ruled out.

Hysteresis measurements at 350 °C, above the TC of
pyrrhotite, allow us to isolate the hysteresis properties
of the high TC phase. At this temperature, IRM
saturation is reached around 250 mT (Fig. 6), and
hysteresis (Fig. 5) indicates pseudosingle domain state
for this high TC phase (BCR/BC = 1.76, MRS/
MS = 0.26). A high-coercivity FeNi phase, such as
tetrataenite, is also excluded by the absence of
significant transformation of the hysteresis properties
after heating up to 650 °C in Ar or He atmosphere.
Indeed, tetrataenite would transform into disordered
taenite with much lower remanence above 500 °C
(Wasilewski 1988). Thermomagnetic experiments reveal
two Curie temperatures of 309 and 563 °C (Fig. 8) that
correspond to pyrrhotite and Ti-poor titanomagnetite
with as low as 3 mole% of ulv€ospinel (TM03),
respectively. The range of unblocking temperature
observed in Fig. 7B suggests either a distribution in
grain size, or, more likely, a range in Ti content of
titanomagnetite grains, TM03 being the most Ti-poor
titanomagnetite present. A maximum of about 15 mole%
ulv€ospinel can be estimated from the unblocking
temperature spectrum in Fig. 8B (Lattard et al. 2006).

Overall, these results point toward pseudosingle domain
Ti-poor titanomagnetite for the high TC phase, with a
grain size in the 0.5–1 lm range (Dunlop 2002), in
agreement with the microscopic observations discussed
in the Mineralogy of Fe-Ni Sulfides section.

In view of the higher MRS of magnetite with respect
to pyrrhotite (by a factor 6 at most considering the
same MRS/MS for both minerals, even though the room
temperature MRS/MS of magnetite may be slightly lower
than that of pyrrhotite), these results indicate an overall
modal dominance of pyrrhotite over magnetite, by a
factor 6 (mass ratio) at most. Using this ratio,
MS = 0.17 � 0.03 Am2 kg�1 would correspond to the
presence of approximately 0.6 wt% pyrrhotite and
approximately 0.1 wt% magnetite.
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Fig. 6. Isothermal remanent magnetization versus magnetizing
field at room temperature (blue circles) and at 350 °C (red
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(above and below approximately 150 °C), the NRM at a given
temperature is the vectorial sum of the pTRM unblocked at
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Low-temperature SIRM experiments conducted
after zero field cooling (ZFC) and field cooling (FC)
reveal two transitions at 70 K and 120 K (Fig. 9A), in
close correspondence with the Curie temperature of
chromite (Klemme et al. 2000) and the Verwey
transition observed for magnetite (Verwey 1939) and Ti-
poor titanomagnetite composition with less than 4% Ti
(Kakol et al. 1994). The MS variation across the
transition at 70 K is 0.10 Am2 kg�1 (determined on a
30 mg sample), corresponding to 0.63 wt% of chromite,
using a MS of 16 Am2 kg�1 for pure chromite (Robbins
et al. 1971; Gattacceca et al. 2011).

The monoclinic pyrrhotite transition at 34 K is not
observable in the low-temperature data (Fig. 9B). In
agreement with unblocking temperatures mostly below
290 °C (Fig. 7B), this suggests that the pyrrhotite phase
present in Tissint may be mostly the hexagonal form in
its metastable ferromagnetic form, as typically found in
other shergottites (Rochette et al. 2005). The Curie
temperature of 309 °C revealed by thermomagnetic
measurements (Fig. 8) is more indicative of monoclinic
pyrrhotite, but this could well have formed from
hexagonal pyrrhotite during the heating experiment
itself. The same explanation accounts for the higher
pyrrhotite unblocking temperatures for the laboratory
TRM than for nonheating laboratory remanences like
IRM and PRM (Fig. 7B). The 57Fe M€ossbauer spectra
at room temperature (Fig. S2) exhibit three Fe2+

quadrupole doublets, associated with olivine and
pyroxene (Stevens et al. 1998) superposed on weaker
magnetic sextets. Two of the magnetic sextets
correspond to titanomagnetite, while the four remaining
magnetic sextets are consistent with pyrrhotite
(Kondoro 1999). The derived hyperfine parameters are

listed in Table 4. They allow quantification of the
proportion of total iron present in titanomagnetite and
pyrrhotite, respectively, 2 and 4 wt%, although with
very large uncertainties. Based on a total FeO content
of 21 wt% (Chennaoui Aoudjehane et al. 2012), this
translates into 0.5 and 0.9 wt% for pure magnetite
equivalent and pyrrhotite, respectively. This is broadly
consistent with other magnetic properties and petrologic
investigations. Note that the signal of iron within
paramagnetic oxides (chromite, ilmenite, ulv€ospinel) is
masked in the paramagnetic silicate doublets.

Mass-weighted average low-field magnetic
susceptibility v = 1.14 9 10�6 m3 kg�1 is in the
range observed for other pyrrhotite-bearing basaltic
shergottites (mean 0.94 � 0.35 9 10�6 m3 kg�1, n = 12).
High-field magnetic susceptibility is vHF = 4.56 �

0 

0.2 

0.4 

0.6 

0.8 

1 

100 200 300 400 500 600 

In
du

ce
d 

m
ag

ne
tiz

at
io

n 
(n

or
m

al
iz

ed
) 

Temperature (°C) 

magnetite
pyrrhotite

Fig. 8. Magnetization induced in a field of 300 mT as a
function of temperature for a 74 mg sample of Tissint. The
Curie temperatures computed from this curve using the two-
tangent method (Gromm�e et al. 1969) are 309 and 563 °C.

0

0.1

0.2

0.3

0 100 200 300
T (°K)

LT
-S

IR
M

 (A
m

2 /k
g)

6

7

8

9

0 100 200 300
T (°K)

R
T-

S
IR

M
 (1

0-2
 A

m
2 /k

g)

A

B

cooling

warming

FC

ZFC

Fig. 9. Thermal evolution of A) Low-temperature saturation
IRM (SIRM), B) Room-temperature SIRM.

12 J. Gattacceca et al.



0.63 9 10�7 m3 kg�1, in close agreement with the
paramagnetic susceptibility of 4.40 9 10�7 m3 kg�1 that
can be computed (see Gattacceca et al. 2008a) from the
bulk composition of the meteorite (Chennaoui
Aoudjehane et al. 2012). The anisotropy of magnetic
susceptibility was measured on two large samples with
masses 7.7 g and 28.5 g. The anisotropy degree is
P = 1.028 (mass-weighted average) and Pf = 1.049 when
corrected for the supposedly isotropic paramagnetic
contribution (see Gattacceca et al. 2008a). The fabric is
strongly oblate (mass-weighted average T = 0.73). Two
measurements performed on smaller mutually oriented
samples (with masses 1.32 and 0.35 g, and P = 1.063 and
1.072, respectively) give indistinguishable directions
for the principal susceptibility axes. This weak, but
well-defined, oblate, and directionally homogeneous
fabric may be interpreted as the primary magmatic fabric
(Gattacceca et al. 2008a) or a shock-induced fabric
(Gattacceca et al. 2007; Nishioka et al. 2007). The
anisotropy of SIRM, measured on two samples, is also
weak and oblate with mass-weighted average PSIRM =
1.10 and TSIRM = 0.72.

PALEOMAGNETISM

Results

The NRM of 33 samples without fusion crust was
measured. The intensity of NRM is bimodal, with 17
samples with intensity below 10�4 Am2 kg�1 (median
2.2 9 10�5 Am2 kg�1) and 15 samples with intensity
above 5 9 10�4 Am2 kg�1 (median 6.9 9 10�3 Am2

kg�1). The corresponding median NRM/SIRM ratios
are 3.5 9 10�4 and 1.1 9 10�1. The higher NRM
population has undoubtedly been contaminated by hand
magnet, probably during meteorite hunting, or
subsequent handling; unfortunately, a common practice
among meteorite hunters. However, we were left with
17 samples (without fusion crust) that were suitable for
paleomagnetic investigation of extraterrestrial signal.

Four samples were studied through thermal
demagnetization up to 340 °C under argon atmosphere.
After the removal of a stable component of
magnetization between 25 and approximately 120 °C,
the demagnetization was rather noisy, but a stable
component was isolated in two samples between 150
and 300 °C (Fig. 10). In all four samples, the NRM is
unblocked mostly above 200 °C, and is essentially
demagnetized at 310 °C. Samples demagnetized by AF
show a stable component of magnetization above
approximately 14 mT and up to at least 100 mT
(Fig. 10).

We interpret the stable magnetization isolated
below 120 °C as a pTRM acquired in the Earth field
during heating and cooling of the small meteorite
fragments on the desert surface. Indeed, ground
temperature in July at the fall location can reach about
80 °C, and can be enhanced inside small crusted
meteorites because of the black fusion crust.
Normalization of the demagnetization of the NRM and
a pTRM imparted in the laboratory at 120 °C (in a
field of 49 lT) show that the NRM unblocked below
120 °C can be accounted for by a pTRM acquired in an
ambient field of 34 lT, in broad agreement with the
field intensity at the fall location (41 lT). This low-
temperature component of the NRM extends up to
120 °C, which is higher than the expected maximum
temperature at the surface of the desert. This can be
attributed to the nonideal behavior of the pseudosingle
domain magnetic carriers or more likely thermo-viscous
magnetization acquired during repeated heating and
cooling cycles at about 80 °C in the Earth’s field.
Indeed, unblocking temperatures of 120 °C during the 1
hour laboratory heating correspond to a cumulative
1 month stay at approximately 65 °C for magnetite
(Pullaiah et al. 1975) and approximately 100 °C for
pyrrhotite (Dunlop et al. 2000), in the range of the
expected thermal history of Tissint fragments at the
desert surface during summer 2011.

The best demagnetization results were obtained on
two samples that were first demagnetized at 120 °C, to

Table 4. M€ossbauer hyperfine parameters for Tissint meteorite. The isomer shifts are reported relative to a-Fe.

IS (mm s�1) QS (mm s�1) Bhf (T) FWHM (mm s�1) A (%)

D1 1.15 2.92 — 0.28 40.0 Olivine
D2 1.16 2.24 — 0.44 29.0 Pyroxene

D3 1.13 1.92 — 0.36 25.0
S1 0.79 0.0 47.0 0.44 1.0 Titanomagnetite
S2 1.03 0.0 43.5 0.55 1.0

S3 0.64 0.0 28.2 0.45 1.0 Hexagonal pyrrhotite
S4 0.69 0.0 25.0 0.45 1.0
S5 0.60 0.0 23.5 0.45 1.0

S6 0.61 0.0 21.5 0.45 1.0

IS = isomet shift (�0.005); QS = quadrupole splitting (�0.005); FWHM = full width at half maximum (�0.02); A = relative area (�1%).
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remove the terrestrial pTRM, and then demagnetized by
AF (Fig. 10).

There is no relation between NRM intensity and
sample mass, which suggests that NRM is homogeneous
in direction at least down to a scale of 30 mg
(corresponding to 10 mm3). This homogeneity is
confirmed by the identical NRM direction observed in
two mutually oriented samples. This high-coercivity and
high-temperature magnetization cannot be a viscous
remanent magnetization (because of the very short
residence in the terrestrial field and the removal of a
low-temperature component of magnetization) or an
isothermal remanent magnetization acquired by
contamination with a magnet (because of the low
NRM/SIRM value), and is therefore very probably of
extraterrestrial origin.

Origin of the Natural Remanent Magnetization

The comparison of the coercivity spectrum of the
NRM with laboratory-induced remanences shows that
the NRM is harder than all other types of remanence,
except total TRM acquired at 590 °C (Fig. 7A).
However, it is noteworthy that the NRM is completely
unblocked at 310 °C, whereas both SIRM and
laboratory TRM acquired at 590 °C have unblocking
temperature extending up to 585 °C, with about half of
the remanence being unblocked above 310 °C (Fig. 7B).
The laboratory pTRM blocked between 590 °C and
350 °C is very hard with respect to AF (harder than
total TRM), and there is no possibility that a

magnetization originally blocked above 310 °C (i.e.,
carried by magnetite) has been erased naturally by
viscous decay. Another possibility would be that the
magnetite formed after cooling below approximately
310 °C. It is indeed possible that the oxidation
happened in stages: the original ulv€ospinel first formed
ilmenite lamellae and titanium-rich titanomagnetite that
was paramagnetic during cooling, and then the
titanium-poor magnetite would have formed during
further oxidation below approximately 310 °C.
However, if formed at low temperature, magnetite
should still have recorded a chemical remanent
magnetization that is not observed in the NRM thermal
demagnetization (e.g., Haigh 1958).

In view of the shock history of Tissint, shock
remanence needs to be considered as a potential
candidate. However, both the coercivity spectrum and
unblocking temperature spectrum of the laboratory
PRM do not fit with those of the NRM (Fig. 7). In
particular, laboratory PRM at 2 GPa unblocks up to
550 °C. Even if the maximum pressure used in our
experiments (2 GPa) is much lower than the peak
pressure suffered by Tissint, there is no reason why a
natural PRM at higher pressure would not have
unblocking temperatures above 310 °C. Therefore, the
most plausible explanation is that the NRM is a pTRM
acquired by cooling from about 310 °C in a steady
magnetic field.

However, we are left with the issue that the
coercivity spectrum of the stable NRM is significantly
harder than that of a pTRM acquired at 310 °C
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(Fig. 7B). We attribute the fact that the NRM is harder
than a pTRM at 310 °C to a combination of partial
natural relaxation of the NRM with time and shocks
that affected this rock after it was magnetized. Indeed,
shock remagnetizes preferentially the low-coercivity
fraction of the ferromagnetic minerals (e.g., Gattacceca
et al. 2010b). This is confirmed by our PRM acquisition
experiments up to 2 GPa: the coercivity spectrum of
PRM is significantly shifted toward low AF with respect
to IRM and NRM (Fig. 7A). Multiple shocks,
including at least the shock that led to the ejection of
the meteorite from Mars about 0.7 Myr ago, would
result in increasing hardening of the NRM. Indeed,
repeated pressure loadings have been shown to result in
increasing demagnetization (Gilder et al. 2006; Bezaeva
et al. 2007).

Scaling the NRM demagnetized between 150 and
310 °C (mean 1.34 9 10�5 Am2 kg�1 for the four
samples thermally) with a pTRM acquired at 310 °C
and demagnetized at 150 °C, provides a rough estimate
of 2.3 lT for the paleointensity of the magnetizing field.
For samples demagnetized by AF, NRM/SIRM
derivative ratios (REM0, see Gattacceca and Rochette
2004) were also used to estimate the paleofield necessary
to account for the high-coercivity magnetization. This
method, calibrated for both magnetite and pyrrhotite,
provides a lower limit for the paleofield because the
magnetization is a pTRM and not a TRM. The REM0

integrated over the high-coercivity component is
4.99 9 10�4 (SD = 4.11 9 10�4, n = 11). This indicates
a lower limit of about 1.5 lT for the paleointensity, in
broad agreement with the paleointensity obtained by
heating experiments.

DISCUSSION

Tissint is an olivine-phyric shergottite that has been
weathered by fluids at the surface of Mars (Chennaoui
Aoudjehane et al. 2012). Preliminary chronological
analyses suggest a 147Sm-144Nd crystallization age of
about 600 Ma (Brennecka et al. 2013). Tissint later
suffered multiple shock events to levels sufficient to
form melt veins and pockets, and ubiquitous high-
pressure minerals (Baziotis et al. 2013), including shock-
induced diamonds (El Goresy et al. 2013). Tissint was
ejected from Mars approximately 0.7 Myr ago
(Chennaoui Aoudjehane et al. 2012).

The peak shock pressure in Tissint is estimated to
approximately 25 GPa with localized excursion up to
40 GPa (Baziotis et al. 2013), within the peak pressure
range estimated for other shergottites, is typically
25–45 GPa (e.g., Nyquist et al. 2001; Fritz et al. 2005).
In view of this shock history, it is clear that whatever its
age, Tissint cannot have retained a putative primary

magnetization acquired at the time of crystallization.
This rock was completely remagnetized following the
main impact event, by going through pressure-induced
magnetic phase transition of the ferromagnetic minerals.
Indeed, pyrrhotite, at least in its monoclinic form, has a
phase transition at 2.8–4.5 GPa (e.g., Rochette et al.
2003; Gilder et al. 2011), and magnetite has a transition
at 12–16 GPa (Ding et al. 2008), much below the peak
shock pressure suffered by Tissint.

Our paleomagnetic data show that Tissint was
magnetized while cooling from 310 °C down to at least
150 °C in presence of a magnetic field of about 2 lT.
This excludes that the meteorite has been ejected at
temperature above 150 °C because it would have cooled
in space in a null magnetic field. A similar line of
reasoning was used to show that ALH 84001 had never
been heated above 40 °C during its ejection and transfer
to Earth (Weiss et al. 2000).

The best explanation to account for thermal history
of Tissint as revealed by the paleomagnetic data is
postshock cooling at the Martian surface. Estimates of
postshock temperature increase associated with impacts
for shergottites (e.g., Fritz et al. 2005) combined with a
reasonable initial temperature of 210 K for the upper
surface of Martian subsurface (Mellon et al. 2004) show
that a 40 GPa shock will result in a postimpact
equilibrium temperature of 310 °C. This peak shock
value is in good agreement with that evidenced by
petrologic observations (Baziotis et al. 2013; El Goresy
et al. 2013).

It may be noted that, in this scenario, a shock
remanent magnetization (SRM) acquired during
pressure release below about 12–16 GPa, the transition
pressure of magnetite (Ding et al. 2008) should still be
preserved in the rock. Although it is difficult to estimate
the unblocking temperatures and the expected intensity
of such a SRM, it is plausible that it is not visible
during the thermal demagnetization above 310 °C
because the efficiency of SRM acquisition for Tissint
magnetite that has rather high coercivity (as
demonstrated by the hysteresis cycle at 350 °C, Fig. 5)
is probably much lower than that of TRM (e.g.,
Gattacceca et al. 2008b).

Our paleomagnetic data also show that this main
impact event was distinct from the ejection event whose
associated maximum postimpact temperature is
constrained to below 150 °C, corresponding to a
maximum peak pressure of about 35 GPa. In view of
the young crystallization age of Tissint (approximately
600 Ma) compared with the age of the shutdown of the
Martian dynamo around 4 Ga (e.g., Lillis et al. 2008),
the only likely source for the 2 lT stable surface field
that magnetized Tissint is the remanent magnetization
of the Martian crust. Indeed, such crustal fields of
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several lT are commonly expected at the present-day
Martian surface (e.g., Langlais et al. 2004), and their
record has already been evidenced in a number of
nakhlites and shergottites (Cisowski 1986; Gattacceca and
Rochette 2004). It is noteworthy that Tissint, if magnetized
in a Martian dynamo magnetic field of 50 lT, would carry
a remanent magnetization of only approximately
3 A m�1. This is way below the 10–20 A m�1 that is
necessary over a crustal thickness of about 40 km to
account for the observed magnetic anomalies at the
Martian surface, which confirms that shergottite-like rocks
cannot be the source of these anomalies.

CONCLUSION

The scope of this work was to provide a detailed
understanding of Tissint opaque minerals, with an
emphasis on ferromagnetic phases and their magnetic
record. The magnetic mineralogy of Tissint consists of
about 0.6 wt% of pyrrhotite, and 0.1 wt% of low-Ti
titanomagnetite (with a low ulv€ospinel content in the
range 3–15 mole%) for those minerals that are
ferromagnetic at temperatures encountered at the
Martian surface. Chromite (with a Curie temperature of
70 K) is present with an abundance of approximately
0.6 wt%. Magnetite was formed by oxy-exsolution of
ulv€ospinel grains during deuteric alteration. Pyrrhotites
are the most Fe-poor and Ni-rich ever analyzed in
shergottites and nakhlites thus far. This high Ni content
reflects the large amount of Ni available inside the
abundant olivine crystals that host pyrrhotite. Iron
deficiency may be explained by an input of regolith-
derived sulfur in agreement with other evidence of
Martian weathering detected in this meteorite
(Chennaoui Aoudjehane et al. 2012). These pyrrhotites
probably have preserved metastable Mss structure
blocked at temperature above 300 °C.

Tissint was magnetized while cooling from
approximately 310 °C down to at least 150 °C in the
presence of a stable magnetic field of about 2 lT that
was the surface field generated by the magnetized
Martian crust. This 310 °C temperature is probably the
equilibrium temperature that followed the major impact
suffered by Tissint, and is compatible with the peak
shock pressure of 40 GPa inferred from the assemblage
of high-pressure minerals. The 150 °C temperature sets
an upper limit of Tissint temperature during its ejection
from Mars and transfer to Earth. This emphasizes the
interest of paleomagnetism for assessing the ejection
temperature of Martian meteorites. The relatively weak
magnetization in Tissint also confirms that shergottite-
like rocks cannot be the source of the observed Martian
magnetic anomalies.
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Fig S1: Plot of Tissint pyrrhotite compositions in a
simplified Fe-Ni-S system (phase diagram after Fleet
[2006] and references therein).

Fig S2: M€ossbauer spectrum of Tissint meteorite at
room temperature. D1: olivine, D2 and D3: pyroxene.
The insert shows the magnetic subcomponents, S1 and
S2: titanomagnetite, S3-S6: hexagonal pyrrhotite.

Table S1: Rock magnetism-related acronyms and
units used in this study.

Table S2: Opaque minerals discussed in this study.
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