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Introduction:  The magnetic signature in the Mar-

tian soil points to the overall importance of Fe-Ti oxides 
on Mars.  The occurrence and composition of magnetic 
minerals on Mars can provide insight into the aqueous 
and/or igneous conditions that have operated in the 
Martian environment.  However, the reactivity of Fe-Ti 
oxides, such as those that may be present in Martian 
basalts, in low temperature aqueous environments has 
not been explored in detail.  These conditions were 
likely present on Mars in the past, and may have 
played a key role in the production, and/or destruction, 
of magnetic minerals on Mars.    

Originally, the source of the magnetic signature 
was thought to be dominated by maghemite (Mh) or 
titanomaghemite (TiMh) [1, 2].  The Mars Exploration 
Rovers, however, have recently determined by Möss-
bauer spectroscopy and Alpha Particle X-ray Spec-
trometry (APXS) that the dust particles that adhere to 
the magnets onboard contain ‘magnetite’ (Mt), olivine 
(Ol), pyroxene (Pyx), and some altered and (possibly) 
nanophase (np) ferric oxides [3].  However, it was noted 
that the ‘magnetite’ found by the Mars Exploration 
Rovers may actually be one of, or comb inations of, the 
following:  non-stoichiometric (ns)-Mt (partially oxi-
dized), TiMt and/or a Mt-Mh solid solution [3].   

The conclusion by Goetz et al. [3], based on the 
basaltic mineralogic signature, that the majority of the 
dust and soil formed by mainly physical weathering 
requires further evaluation.  Assuming that Martian 
basalts  are mineralogically similar to basaltic shergottite 
meteorites (which contain  Ti-rich magnetite with the 
compositional range of Mt18-37Usp63-82 [4-7], as the ma-
jor magnetic mineral) and taking into account that non-
igneous ferric oxides are present on Mars, it is evident 
that some degree of chemical alteration took place.  The 
specific mineralogy of the magnetic mineral phase, as 
well as insight from experimental observation of Fe-Ti 
oxide behavior, can greatly constrain the processes 
forming that mineral.   

The goal of the present study is to explore the re-
activity of Fe-Ti oxides, using a range of Mt-Usp (mag-
netite – ulvöspinel) compositions that may be found in 
Martian basalts (Mt100, Mt90Usp10, Mt20Usp80 and 
Usp100), under a range of low pH aqueous acid-sulfate 
conditions at various (low) temperatures.  Such condi-
tions may have been relevant in the Martian past, dur-
ing which the climate was thought to be both warmer 
and wetter.  The mineral phases that form as a result of 
acid reaction with Fe-Ti oxides have been characterized.  

The magnetic properties of both primary and secondary 
minerals will be discussed as well as the implications 
for magnetic studies on Martian dust and soils.     

Experimental Methods:  Static batch experiments, 
during which ~0.3g of synthetic Fe-Ti oxide analog was 
reacted with ~30g of sulfuric acid mixtures, were per-
formed at varying temperatures (~8°C, ~25°C, ~70°C) 
and pH (1.25, 1.90).   

For a detailed explanation of the synthesis process 
for creating the Fe-Ti oxide analogs used in this study, 
the reader is referred to the methods reported in both 
Turnock et al. [8] and Spencer and Lindsley  [9].   

Experiments took place in capped Teflon® beakers 
which were opened only once daily for fluid sampling 
and then resealed.  After two weeks of sampling, only 
~4% of the total starting volume of the fluid was re-
moved, thus keeping a relatively constant water/rock 
(W/R) ratio of 100 throughout all experiments.   

After completion of each experiment, solid was se-
parated from the supernatant.  This residual solid was 
rinsed with denatured ethanol and allowed to com-
pletely air dry until further analyses.   

Analysis and Observations:  X-ray diffraction 
(XRD) is used to determine if the mineralogy of the 
primary materials underwent any alteration during the 
course of the experiments.   XRD analyses are per-
formed using a Scintag PAD X diffractometer with 
CuKa1 (? = 1.5405 Å) radiation.  Data are collected dur-
ing step scans with step size of 0.02 degrees at a scan 
rate of 4 degrees per minute (dpm) and a 2T angle be-
tween 5 and 90 degrees.  Diffraction patterns are 
matched to those in the Powder Diffraction File (PDF), a 
mineral pattern database, using the Crystallographica 
Search-Match© program.   

Only experiments involving Usp100 and Mt20Usp80 
exhibited production of alteration minerals at a number 
of various temperature and pH conditions.  Such com-
positions of Fe-Ti oxides are most similar to those 
found in shergottite meteorites [4-7].  Within 24 hours 
of contact of these solids with acidic fluids, a color 
alteration of the solid material at the bottom of the 
beaker to orange from black was observed.   

Residual solids that had no observed change from 
black to orange were determined by XRD to contain 
only the primary material from the start of the experi-
ment.   Experiments observed to have undergone the 
color transformation were found by XRD to have 
formed a variety of new minerals phases.  Collectively, 
the alteration products of Mt20Usp80 and Usp100 in-
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cluded the ferric oxyhydroxides hematite and goethite 
in addition to the ferrimagnetic phases magnetite and 
maghemite. 

Preliminary Discussion and Conclusions:  The 
suggestion that the ferrimagnetic mineral(s) in the dust 
may be any combination of ns-Mt, TiMt and/or a Mt-
Mh solid solution, still leaves much ambiguity as to the 
source of the magnetic signature in the Martian dust 
and soil.  Therefore, the interpretation that the dust as a 
whole, including the magnetic fraction may have 
formed essentially by physical weathering based on the 
overall primary basaltic signature (Mt, Ol, Pyx) of the 
dust [3], may be incomplete.  Although physical weath-
ering most certainly played an important role in the 
production of the atmospheric dust and soil, chemical 
alteration processes cannot be excluded from being an 
influence.   

It is well documented that chemical (near-
stoichiometric) dissolution of minerals such as Ol and 
Pyx at low pH can occur without leaving behind obvi-
ous signatures of local alteration [10-13].  A lack of 
alteration products does not automatically imply that 
chemical reaction did not occur.  Fe dissolved from 
these minerals may have further contributed to the for-
mation of secondary ferrimagnetic phases. 

With the exception of TiMt, all minerals mentioned 
above as candidates for providing the magnetic signa-
ture in the dust and soil including pure Mt, may form 
from secondary processes.  The dust is likely the result 
of complex mixing of an altered soil component and a 
physically eroded primary material [14, 15].  The imprint 
of secondary processes would have been overshad-
owed by the homogenitization of the dust and soil that 
blankets the surface of Mars.  

If the composition (and therefore magnetic signa-
ture) of the primary magnetic mineral in Martian basalt 
is dissimilar to that of SNC meteorites (i.e. pure Mt 
rather than TiMt), it is possible that only physical 
weathering produced the dust and soil on Mars.  How-
ever, production of pure magnetite by secondary proc-
esses may still be a factor in this case, as it is indistin-
guishable from primary Mt using the instruments cur-
rently on Mars.      

In the case that the composition of the magnetic 
mineral in Martian basalt is similar to shergottite mete-
orites (Mt18-37Usp63-82) [4-7], magnetic enhancement by 
secondary processes is required.  It has been previ-
ously determined that the saturation magnetization of 
primary TiMt in SNC meteorites is insufficient to ac-
count for the magnetic signature on Mars alone (s s  = ~ 
2 - 4 A m2 kg-1) [16-18].  Magnetic enhancement by 
some mechanism during weathering, dissolution, oxida-
tion, and/or precipitation must occur [17, 19-21].  If the 
primary mineral in Martian basalt is TiMt, any pure Mt 

present in the dust indicates formation via precipitation 
from an aqueous fluid, a process that typically yields 
only pure iron oxides/hydroxides [22, 23].  The pres-
ence of maghemite (and/or TiMh) also indicates secon-
dary processing as these minerals form by low tempera-
ture oxidative weathering of Mt (TiMt) on Earth.   

This implies that reactions similar to those reported 
here may have taken place, however it will be important 
to determine the specific mineralogy of magnetic miner-
als present on Mars and the concentrations in which 
they occur in order to better characterize the processes 
that have operated during the history of Mars.  The 
proportions of ‘Mt’, Ol and Pyx in the dust and soils 
compared to the proportions of those minerals in pri-
mary Martian basalt may more clearly indicate the ex-
tent to which alteration, and perhaps the production of 
magnetic minerals, has occurred on Mars.   

Formation of new ferrimagnetic minerals from the 
reaction of TiMts with sulfuric acid occurred within 24 
hours with a W/R ratio of 100 at pH 1.25 and 1.90.  This 
type of short-term alteration may have taken place even 
if Mars endured drier periods. 
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