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    Introduction:  The strong intensity of the Mar-
tian magnetic anomalies mapped by the Mars Global
Surveyor (MGS) has led to considerable interest in the
magnetization of the Martian crust.  A growing body
of work seeks to explain the patterns of magnetization,
as well as a magnetic mineral assemblage capable of
producing a magnetization inferred to be several orders
of magnitude stronger than typical terrestrial basalt.
Pyrrhotite, titanomagnetite, and chromite have all been
observed to be remanence carriers in the Martian Sher-
gotty-Nakla-Chassigny (SNC) meteorites. While most
rock magnetic studies have focused on the magnetic
mineralogy of the geologically youthful SNC meteor-
ites, the magnetic anomalies are largely limited to the
more ancient southern highlands (e.g. [1], [2], [3]); the
meteorites may therefore be atypical of the magnetized
crust. In contrast, this study takes an experimental ap-
proach, synthesizing basalts of expected Martian com-
position, while varying cooling rate and oxygen fugac-
ity. The range of experimental compositions and oxy-
gen fugacities were chosen to bracket the range ex-
pected  in the Martian crust.

   The Experiments:  Two basic starting composi-
tions (Table 1) are used for the sample synthesis. The
first composition (A* modified) is iron-rich and alumi-
num-poor and is patterned after the SNC basalts [4].  It
is very similar in composition to that used in [5] and
[6], but includes small amounts of Mn and Cr, which
were not present in the original material.  The addition
of Cr is especially important in light of suggestions
that chromite [7] or Fe-Cr-Ti spinels [8] may play a
role in the stable magnetization of the Martian crust.
The second composition (B2) is based on satellite
Thermal Emission Spectrometer (TES) observations of
the southern highlands that suggest a composition
more closely resembling terrestrial basalt [9].  This
composition is similar to A* modified in Ti, Mg, Ca
and alkali contents, but has a much lower Fe/Al ratio.

Samples were synthesized at three different oxygen
fugacities (fO2):  the quartz-fayalite-magnetite  (QFM)
buffer, the iron-wüstite (IW) buffer (QFM – 3.4 log10

units), and an intermediate fO2 of IW + 2 log10 units (or
QFM – 1.8) (Table 2).  All samples were cooled from
within 10 degrees of their respective liquidus tem-
peratures.  QFM samples were cooled at constant rates
ranging from 231°C hr-1 to 5.7°C hr -1.  An exponen-
tially varying cooling rate was also applied to simulate
the natural cooling path of a conductively-cooling lava
flow, 0.25 m from its surface.  QFM and IW+2 sam-
ples were contained in Pt capsules, and IW samples
were contained in Mo capsules.  QFM and IW capsules
were sealed in evacuated silica tubes with the appro-

priate buffer assemblage;  IW+2 capsules were heated
under a flowing gas (H2-CO2) atmosphere.  Because
many of the oxides in the IW samples were found to be
contaminated with Mo, we repeated these experiments
in open zirconia crucibles under a flowing gas atmos-
phere to examine the effects of impurity substitution in
Fe-oxides.

Table 1. Starting compositions for synthetic Martian
basalts.
 A* 1 A* mod 2 B2 3

SiO2 51.4 51.16 51.2
TiO2 1.63 1.61 1.6
Al2O3 9.13 8.7 17.01
FeO* 18.9 18.9 8.48
MgO 7.27 7.04 7.04
CaO 8.77 8.44 10.5
Na2O 2.13 2.28 2.28
K2O 0.75 0.76 0.76
P2O5 0.49 0.5 0.5
MnO -- 0.53 0.53
Cr2O3 -- 0.1 0.1

Fe/Al 1.5 1.5 0.4

CIPW norm
apatite 1.2 1.2 1.2
ilmenite 3.1 3.1 3.0
orthoclase 4.5 4.5 4.5
albite 18.0 19.3 19.3
anorthite 13.1 11.3 33.9
magnetite 1.1 1.1 0.4
Ca-rich pyroxene 22.8 23.0 12.2
Ca-poor pyroxene 36.7 36.0 23.8
quartz 0.0 0.0 1.1
1  SNC-like composition used in [5] and [6].
2  SNC-like composition used in present study which
includes Mn and Cr.
3  Earth-like composition used in present study.

Splits of each sample were used for petrographic
and magnetic analysis.  Acquisition of anhysteretic
remanent magnetization (ARM) was measured for all
samples in a 100 mT peak alternating field (AF) and a
maximum 200 µT DC bias field.  Demagnetization
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was carried out in steps up to 100 mT AF.  Magnetiza-
tion (M) versus applied field (H) data was acquired on
a subset of samples, and a 1 T saturation isothermal
remanent magnetization (SIRM) was applied at 20 K
and then measured while warming to 300 K.

Table 2. Summary of experimental design
°C hr-1 IW IW + 2 QFM

251
A*

A*mod
B2

A*mod
B2

A*
A*mod

B2

72.4
A*

A*mod
B2

A*mod
B2

A*
A*mod

B2

18.7
A*

A*mod
B2

A*mod
B2

A*
A*mod

B2

5.7
A*

A*mod
B2

A*mod
B2

A*mod
B2

Var. A*mod
B2

A*mod
B2

A*mod
B2

Left hand column shows cooling rate in °C hr-1. Var. =
variable cooling rate (see text).  Results for A* compo-
sition from [6] and [5].  Results for A*modified (high
Fe/Al) and B2 compositions (low Fe/Al) new from this
study.  Italics indicate samples which have not yet
been synthesized.

Results and Discussion:   

Petrographic correlations with experimental vari-
ables.  A key mineralogic consequence of oxygen fu-
gacity as a variable in both A* modified and B2 ex-
periments is the positive correlation between Fe-Ti
oxide mineral abundance and fO 2.  This is interpreted
to arise from greater melt Fe3+/Fe2+ at moderately oxi-
dizing conditions, leading to stabilization of Fe-oxides
earlier in the crystallization sequence and greater over-
all oxide abundance in the cooled basalts.  Other
phases show no consistent correlation between modal
abundance and fO2, although the B2 basalt cooled at
72°C hr-1 at IW conditions is nearly holocrystalline,
while the corresponding QFM run is only ~50 v.%
crystalline.  A similar trend was previously interpreted
as a consequence of progressive silica enrichment and
thus greater liquid viscosity in Fe-Ti oxide-saturated
melts [5].  Crystal contents in the A* modified basalts
cooled at 72°C hr-1 are relatively uniform (45-55 v. %)
at all fO2 conditions.  The differences in Fe-Ti oxide
mineralization in this basalt are apparently insufficient

to exert a similar control on the extent of crystalliza-
tion.

Other features related to bulk composition and fO2

underscore the importance of variable nucleation and
growth kinetics for texture.  In the A* modified ba-
salts, Ca-rich pyroxene is the dominant phase at all fO2

conditions, composing 30-50 v.% of the A* modified
charges cooled at 72°C hr-1. Its morphology ranges
within samples from highly dendritic to arcuately
bladed (Fig. 1).  The pyroxene in these samples com-
pose a fabric characterized by coarse grain size, low
number density, and long-range crystallographic conti-
nuity.  Olivine crystals range from faceted, zoned,
equant, and hoppered, to laths that are elongated,
barred, and tabular. The relative uniformity of pyrox-
ene crystal size suggests a single nucleation event fol-
lowed by rapid growth early in the crystallization se-
quence, whereas the heterogeneity of olivine distribu-
tion suggests its nucleation is sporadic and/or hetero-
geneous.

In contrast to the A* basalts, Ca-rich pyroxene
crystals in the B2 basalts are feathery dendritic, and
characteristically of fine grain size and very high num-
ber density (Fig. 1).  The texture suggests vigorous
nucleation, possibly occurring during a single episode
at high supersaturation/ low temperature.  Despite the
dominance of plagioclase in the CIPW norm of the B2
composition (Table 1), only one charge— an experi-
ment at IW— contains abundant plagioclase.  The pau-
city of plagioclase in other B2 samples may reflect
severely inhibited nucleation.  The coarse plagioclase
grain size, relatively low number density in the IW run,
and absence from the A* charges, are all consistent
with a barrier to plagioclase nucleation.

Perhaps most interesting distinction between A*
modified and B2 crystallization is the development of
liquid immiscibility in the nearly holocrystalline alu-
minum-rich B2 basalt that cooled at IW.  Plagioclase-
dominated early crystallization appears to have driven
up the iron content of the melt to the point of saturation
of an iron-rich melt phase.  In contrast, the iron-rich
A* basalts do not contain secondary liquids, even at
very high crystallinities.  This lack presumably results
from early dominance of mafic silicates (in accord
with its CIPW norm), precluding buildup of high iron
concentrations in the melt.

Magnetic mineralogy and properties.  Results from
these samples can be directly compared with those of
[5] and [6], which found that the primary magnetic
mineral produced in the Fe-rich synthetic basalts was a
Mg- and Al-bearing titanomagnetite.  Preliminary,
non-quantitative EDS spectra suggest that this holds
for the new samples, but the addition of Cr further pro-
duces both Fe-Cr and Fe-Cr-Ti spinels in samples of
both compositions.  In many cases, the larger oxide
crystals generated at QFM are zoned with respect to Cr
and Ti:  crystal centers are Cr-rich, with Ti becoming

Seventh International Conference on Mars 3255.pdf



more abundant toward crystal edges.  One sample (B2,
72.4 °C hr-1, QFM) appears to contain only Mg- and
Al-bearing Fe-Cr spinels to the exclusion of any ob-
servable Ti-bearing magnetites (Fig. 1c).  Similar Ti-
free and extremely Cr-rich grains occur in many sam-
ples, but only in discrete clusters, rather than dispersed
throughout the sample, and with fewer Mg and Al im-
purities.

The IW and IW+2 samples (both A* modified and
B2) acquire a small, but measurable, ARM, while the
remanence acquired by most QFM samples is two to
three orders of magnitude higher (Fig. 2a).  All ARM
intensities are comparable in magnitude to those found
by [6] in the A* (Cr-free) samples, although in general,
the B2 samples are somewhat weaker, consistent with
their lower Fe content [10].

Though fO2 exerts the primary control on magnetic
intensity, both cooling rate and composition appear to
play a role in magnetic hardness. The magnetic coer-
civity spectra obtained from AF demagnetization of the
ARM show that the A* modified samples uniformly
have lower coercivities than their B2 (low Fe/Al)
counterparts, and also tend to have lower coercivities
than the A* (Cr-free) samples (as measured by the me-
dian destructive field; Fig. 2b).  This latter is particu-
larly true at the faster (231 and 72.4 °C hr-1 cooling
rates).  Within each composition, there is also a general
increase in coercivity with increasing cooling rate.  We
interpret this a grain size effect:  smaller average mag-
netic grain size at faster cooling rates.

Three of the four IW samples display purely par-
amagnetic M-vs.-H curves, which persist from room
temperature down to 20 K.  The fourth IW sample
(A*modified, Zr crucible) shows M-vs.-H behavior
consistent with stable single domain grain size.  In the
QFM sample set at 72.4 °C hr-1, the Cr-bearing A*
modified sample displays pseudo-single-domain to
single domain type behavior.

Relative to the Cr-free samples (A*; [6]), the QFM
A* modified samples appear to have a somewhat
larger magnetic grain size, based on both SEM images
and on M-vs.-H behavior.   This is also consistent with
the shift to lower coercivities, as evidenced in the
ARM demagnetization spectrum.   This larger grain
size may result from the addition of the highly com-
patible Cr which may stabilize the oxides at a higher
temperature, allowing them to grow longer.

These preliminary results suggest that the addition
of Cr has changed the magnetic recording assemblage
slightly, both in composition and in grain size. Al-
though these changes do not appear to have a strong
affect on the remanence carrying capacity of the
lskjdf

Figure 1. Comparison of samples generated under
QFM conditions and cooled at 72.4°C/hr without (a)
and with (b, c) the addition of Cr and Mn.  a) Bright
spots are titanomagnetite in the Cr-free, high Fe/Al
sample (from [6]).  b) Many oxides in this high Fe/Al
sample contain Cr, as well as Ti.  The magnetic grain
size is also apparently larger with the addition of Cr.
c) This sample with low Fe/Al contains only Ti-free
Fe-Cr oxides; note that this is the only sample for
which that is true.
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Figure 2.  Results of anhysteretic remanent magneti-
zation (ARM) acquisition and demagnetization.  A*
data from [6].  a) Maximum magnetization acquired in
100 mT peak alternating field with 200 µT DC bias
field.  Note several symbols have been slightly offset
from their actual cooling rate for clarity.  Oxygen fu-
gacity appears to exert the primary control on magnetic
intensity, although more subtle effects related to com-
position may be observed.  b) Median destructive field
(MDF) vs. cooling rate for QFM samples only.  Error
estimates on MDF calculations are generally plus or
minus the nearest even 10 mT.  Within each composi-
tion, MDF generally increases with increasing cooling
rate, which is suggestive of a decrease in the average
magnetic grain size.  MDF is generally lower for the
iron-rich, Cr-bearing A*mod composition, compared
to the B2 and A* compositions, consistent with a
larger average magnetic grain size.

samples studied so far, further results will show more
conclusively the role that the change in the Fe/Al ratio
may play.  A substantial increase in magnetic grain

size may affect the long-term stability of the magnetic
remanence, which has implications for the persistence
of the intense magnetic anomalies.  Results continue to
support the conclusion that samples generated under
IW conditions have a very low abundance of rema-
nence-carrying grains, whereas moderately oxidizing
QFM conditions can acquire an intense magnetic re-
manence.  Furthermore, the preliminary results suggest
that the intermediate IW + 2 conditions are unlikely to
result in a magnetic remanence intense enough to ex-
plain the anomalies.  Therefore, if the Mars magnetic
anomalies result from a thermal remanence acquired
by a cooling crust, then moderately oxidizing condi-
tions are required.
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