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Abstract

We characterized the magnetic mineral assemblage and remanence properties of a set of synthetic samples patterned on the
meteorite-derived basalt composition A⁎, which contains 18.9% total FeO. Basalts were synthesized at conditions that track 4 oxygen
fugacity ( fO2) buffer curves, from 3.4 log units below the quartz–fayalite–magnetite (QFM) buffer to 5 log units above QFM, and 6
cooling rates from 105 to 3 °C/h. The resulting array of samples was characterized using magnetic hysteresis loops, temperature
dependence of saturation magnetization and saturation remanence (10 to 1000 K), and the acquisition and demagnetization of
anhysteretic remanent magnetization (ARM) and thermoremanent magnetization (TRM). The magnetic mineral assemblage
characteristics are strongly dependent on fO2. Samples synthesized at the iron–wüstite (IW) buffer have a very low concentration of
remanence-carrying grains, which are likely near the superparamagnetic-stable-single-domain boundary. Samples synthesized at the
QFM and nickel–nickel oxide (NNO) buffers contain a slightly higher concentration of remanence-carrying grains, which are stable-
single-domain to fine pseudo-single-domain particles, respectively. Samples synthesized at the manganese oxide (MNO) buffer
contain the highest concentration of magnetic grains, which are up to 100 μm in diameter. The dominant Fe–Ti oxide produced is an
Mg- and Al-bearing titanomagnetite with 2.4–2.7 Fe cations per formula unit. The Curie temperatures of the QFM samples are
consistent with their electron-microprobe derived compositions. Those of the NNO sample set are very slightly elevated with respect
to their electron microprobe derived compositions. The Curie temperatures of theMNO samples are elevated up to 200 °C above what
they should be for their composition. We attribute the Curie temperature elevation to high-temperature nonstoichiometry of the
titanomagnetite. The IW sample set acquired very weak TRMs with intensities of 0.02 to 0.5 A/m. This intensity of remanence is a
factor of 50–500 too low to generate the observed 1000 nT anomalies detected on Mars by the Mars Global Surveyor MAG–ER
experiment. The QFM, NNO, andMNO samples acquired TRMs up to 40 A/m in a 10-μTapplied field, and up to 200 A/m in a 50-μT
field, with little or no dependence on cooling rate. Our results suggest that Fe-rich melts that crystallize extensive titanomagnetite can
generate an intensely magnetized layer in the Martian crust, even if the remanence was acquired in a weak field. The QFM sample set
can easily account for the observed 1000-nT Mars magnetic anomalies, even in a magnetized layer as thin as 15–30 km.
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1. Introduction

One of the many extraordinary results of the Mars
Global Surveyor [MGS] mission was the detection of
regions of intensely magnetized crust by the MAG/ER
experiment [1–5]. This was unexpected, as Mars
currently does not possess a global dynamo-generated
field. The most intensely magnetized regions are located
in the southern cratered highlands, the ancient [∼4 Ga]
densely cratered region south of the planetary dichotomy
[1–5]. The anomalies are east–west oriented features
that are 1000–2000 km long, up to 200 km wide, and
alternate between positively and negatively magnetized
bands [1–5]. These features dwarf terrestrial “sea-floor
stripes,” which range in width from 10 km generated by
the slow-spreading Atlantic Ocean to 100 km generated
by the fast-spreading East Pacific Rise.

Multiple mechanisms have been proposed to explain
the alternating bands of positive and negative rema-
nence. One possibility is past seafloor spreading onMars
in the presence of a reversing dynamo field [3]. The rate
of seafloor spreading would have to be much faster than
on Earth, or the frequency of field reversals much less
than on Earth in order to account for the width of the
magnetized regions. Conversely, the features may have
been generated in a convergent boundary setting, in
which differentially magnetized terranes were succes-
sively accreted [6]. Other plausible mechanisms include
a succession of dike intrusions, in which the magma
source has migrated north–south [7], or localized acqui-
sition of a chemical remanent magnetization (CRM) due
to hydrothermal alteration of the crust and associated
formation of authigenic magnetite [8].

Equally or more intriguing than the spatial character-
istics of the Mars anomalies are their intensity of
remanence. The absence of a global field makes the
Mars crustal anomalies easier to measure and map than
their terrestrial counterparts. On Earth, any total field
measurement is the sum of 3 components, the local field
at the measurement location (HE), the component of
magnetization that the local field induces in the local
rocks (Mi =kHE), where k is the magnetic susceptibility
of the rocks, and the remanent magnetization (MR)
carried by the rocks. The intensity of MR is typically
many orders of magnitude less than HE and Mi, which
makes isolating MR a challenging process that depends
on the availability and quality of HE and k data for the
region of interest. Since Mars does not possess an
ambient field there is no induced component of magne-
tization, and the total field measurements made by MGS
can be attributed entirely to MR. The radial (vertical)
component of magnetization approaches ±1000 nTat the
satellite altitude of 100 km [1–5]. In contrast, the
strongest terrestrial anomaly has a projected intensity of
10 nT at satellite altitudes [4].

Several variables contribute to the observed intensity
of the Mars crustal anomalies, including the mechanism
of remanence acquisition, the intensity of the magne-
tizing field, the efficiency of the magnetic recording
assemblage, the thickness and geometry of the magne-
tized layer, and any subsequent alteration of the
remanent magnetization. Possible mechanisms of rem-
anence acquisition include a thermoremanent magneti-
zation (TRM), acquired when magma solidifies and
cools through the Curie temperature of its constituent
magnetic minerals in the presence of a magnetic field, or
a CRM acquired when minerals crystallize below their
blocking temperatures in the presence of a magnetic
field. A primary TRM is the simplest assumption for the
Mars crustal anomalies, given that the southern cratered
highlands region is composed of basalt, as identified by
the MGS Thermal Emission Spectrometer [9]. However,
the magnetization was almost certainly modified, for
example via large impacts that formed the Hellas and
Argyre basins, both of which were likely demagnetized
by the heat and shock pressure generated by the impact,
and subsequent cooling on a field-free Mars after the
dynamo shut off [10–14].

Constraints on both the Martian magnetic mineral-
ogy and the intensity of the ancient Martian magnetic
field have been derived from Martian Shergotty–
Nakhla–Chassigny meteorites (SNCs). Titanomagne-
tite, the iron sulfide pyrrhotite, and chromite have all
been observed as remanence carriers in SNC meteorites
[15–23]. Hematite and titanohematite are very efficient
recorders of TRM and CRM and could account for the
intensity of the observed anomalies [24–29]. However,
these minerals have not been observed in SNC
meteorites, and the existing data regarding the oxygen
fugacity of the Martian mantle and crust suggest that
conditions are not oxidizing enough to form igneous
hematite [30,31].

Attempts to constrain the intensity of the Martian
magnetic field have used both heating and non-heating
experiments on SNC meteorites, yielding estimates of
0.5 to 5 μT [18,19], or perhaps an order of magnitude
stronger, comparable to the present-day terrestrial field
[21]. However, the SNC meteorites are thought to be
much younger than the southern cratered highlands [32].
It is therefore possible that neither the field intensity nor
the magnetic mineralogy of the SNCs is applicable to the
Mars crustal anomalies.

This study investigates the Mars crustal anomalies
using a combined experimental petrology and rock



Table 1
Rock-magnetic parameters for the array of 24 synthetic basalts

Sample
ID

fO2

(ΔQFM)
Cooling
rate
(°C/h)

Composition χLF
(m3/kg)

MS

(Am2/kg)
MR

(Am2/kg)
HC

(mT)
HCR

(mT)
MR/
MS

HCR/
HC

χHF
(m3/kg)

TC
(°C)

TL
(K)

IW buffer
MA18 −3.44 105 – 1.87e−07 0.28 – 4.0 – – – – – –
MA43 −3.44 231 – 3.50e−07 0.27 – – – – – – – –
MA31 −3.44 72 – 1.92e−07 – – – – – – – – –
MA38 −3.44 19 – 5.41e−07 – – – – – – – – –
MA23 −3.44 6 – 5.85e−07 – – – – – – – – –
MA47 −3.44 3 – 5.26e−07 0.04 0.02 56.1 – 0.38 – – – –

QFM buffer
MA19 0.00 105 2.65e−07 – – – – – – – – –
MA44 0.00 231 6.50e−06 1.02 0.53 27.0 34.3 0.52 1.23 6.07e−07 285 57.5
MA32 0.00 72 3.76e−06 1.52 0.68 22.9 29.9 0.45 1.31 6.61e−07 385 55
MA39 0.00 19 1.84e−05 1.31 0.42 10.0 13.9 0.32 1.39 5.84e−07 315 62.5
MA24 a MH 6 Fe2.25Ti0.02Al0.16Mg0.57O4

b 9.95e−05 5.44 0.66 5.6 12.7 0.12 2.28 6.79e−07 485 50
MA48 a MH 3 Fe2.01Ti0.03Al0.20Mg0.7O4

b 9.40e−05 6.35 0.26 2.7 12.8 0.04 4.79 3.14e−07 510 40

NNO buffer
MA20 0.82 105 3.52e−07 – – – – – – – – –
MA45 0.82 231 1.38e−05 1.77 0.58 17.7 25.4 0.33 1.44 6.25e−07 315 –
MA33 0.82 72 Fe2.46Ti0.30Al0.19Mg0.04 2.76e−05 2.20 0.34 8.4 16.7 0.16 1.99 7.21e−07 365 60
MA40 0.82 19 1.35e−05 1.06 0.31 11.3 15.9 0.30 1.41 3.52e−07 470 52.5
MA25 0.82 6 Fe2.45Ti0.33Al0.17Mg0.05O4 3.61e−05 3.19 0.59 6.0 10.2 0.18 1.70 9.31e−07 350 60
MA49 0.82 3 Fe2.53Ti0.31Al0.12Mg0.03O4 4.37e−05 3.07 0.51 6.9 16.0 0.17 2.33 9.34e−07 355 65

MNO buffer
MA21 5.10 105 Fe2.53Ti0.05Al0.12Mg0.3O4 5.83e−06 0.63 0.00 0.0 10.3 0.005 – 3.54e−07 491 25
MA46 5.10 231 Fe2.57Ti0.06Al0.11Mg0.26O4 7.36e−05 8.33 0.94 8.8 26.5 0.11 3 7.11e−07 495 45
MA34 5.10 72 Fe2.67Ti0.08Al0.11Mg0.15O4 9.78e−05 8.77 0.68 5.3 15.3 0.077 2.89 6.31e−07 490 45
MA41 5.10 19 Fe2.41Ti0.05Al0.13Mg0.41O4 0.000109 10.90 0.39 2.5 10.1 0.036 4.07 3.83e−07 485 30
MA26 5.10 6 Fe2.55Ti0.12Al0.15Mg0.19O4 9.85e−05 7.71 0.43 3.6 15.5 0.056 4.32 5.25e−07 475 45
MA50 5.10 3 Fe2.48Ti0.12Al0.14Mg0.26O4 0.000105 12.60 0.43 2.1 9.7 0.034 4.63 5.55e−07 490 45
a Samples oxidized to magnetite–hematite buffer.
b Spinel phase.
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magnetism approach. Iron-rich basalts were synthesized
at conditions that track 4 different oxygen fugacity ( fO2)
buffer curves, from 3.4 log units below the quartz–
fayalite–magnetite buffer (QFM) to 5 log units above
QFM, and 6 cooling rates from 105 to 3 °C/h [33,34]. At
each set of experimental conditions we evaluate the
mode, texture, and compositions of olivine, clinopyrox-
ene, and iron–titanium oxides (presented in Hammer
[34]), and bulk rock-magnetic properties and remanence
characteristics (this paper). At each set of experimental
conditions we examine the concentration of magnetic
material, magnetic mineralogy, and remanence acquisi-
tion efficiency. We evaluate the controls of fO2 and
cooling rate on the magnetic mineral assemblage
produced, and evaluate the potential of these samples
to carry a TRM of sufficient intensity to generate 1000-
nT field anomalies on Mars.
2. Methods

2.1. Samples

Our sample set consists of synthetic iron-rich basalts,
synthesized under varying oxygen fugacity buffers and
cooling rates. The experimental procedures are described
in detail in Hammer [34]. Briefly, iron-rich, aluminum-
poor basalt patterned on the composition of a basalt
derived from the SNC meteorites (18.9% FeO) was
synthesized from powdered oxide, carbonate, and
phosphate reagents [34]. The mixture was heated to
1210 °C under four different fO2 buffering conditions,
controlled by means of solid phase assemblages: Fe–
FeO (IW), SiO2–Fe2SiO4–Fe3O4, (QFM), Ni–NiO
(NNO), andMnO–Mn3O4 (MNO). Charges were cooled
to below 200 °C at 6 cooling rates: ∼105 °C/
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h (quenched), 231, 72, 19, 6, and 3 °C/h. The expe-
rimental conditions produced an array of 24 samples,
with 4 samples at each cooling rate and 6 samples at each
fO2 (Table 1). We note that two of the QFM runs did not
remain at the buffering conditions, and oxidized to at
least the Fe3O4–Fe2O3 (MH) buffer. These two samples
are indicated in our data plots as MH. The amount of
material generated in each run was typically several
milligrams to a few tens of milligrams. The small sample
sizes and irregular shapes necessitated the use of mass-
normalized magnetic units. Splits of each sample were
used for electron microscopy and characterization of
magnetic properties.

2.2. Electron microscopy

Iron–titanium oxides were analyzed for grain size,
texture, and composition using a JEOL J5900 Scanning
Electron Microscope and a Cameca SX-50 Electron
Microprobe (EMP) at the University of Hawaii-Manoa.
EMP results for Fe–Ti oxides, olivine, pyroxene, and
basaltic glass are described in detail in Hammer [34].
The Fe–Ti oxides were identified as either spinel-series
titanomagnetite (Timt) or rhombohedral-series titanohe-
matite. Titanomagnetite is inferred when the calculated
mineral formula, assuming 4 oxygens, yields oxide
totals near 100% and a cation total of 3. Titanohematite
is inferred when the calculated mineral formula,
assuming 3 oxygens, yields oxide totals near 100%
and a cation total of 2 [34]. Maghemite is identified as
yielding oxide totals of ∼100% on 4-oxygen basis, but
with stoichiometries that fall outside the ülvospinel–
magnetite binary system [34].

2.3. Rock-magnetic characterizations

Rock-magnetic measurements were made at the
Institute for Rock Magnetism (IRM), University of
Minnesota. Magnetic susceptibility was measured using
an AGICO KLY-2 Kappabridge. Magnetic hysteresis
curves were measured from 10 to 300 K using a
Princeton Measurements Corp. micro Vibrating Sample
Magnetometer (μVSM 3900-04C) in room temperature
configuration and using a liquid helium cryostat. Curie
temperatures were determined from saturation magne-
tization versus temperature curves (MS–T ), measured
from 20 to 700 °C in a 1-T field on the μVSM 3900-04
equipped with a furnace and flowing helium gas
atmosphere. Magnetization was monitored during heat-
ing from 20 to 700 °C (heating curve) and during
cooling from 700 °C back to room temperature (cooling
curve). Magnetic hysteresis loops were measured before
and after the MS–T experiment in order to monitor
thermochemical alteration of the sample.

Low-temperature order/disorder transitions were
observed using a Quantum Design Magnetic Properties
Measurements System (MPMS) via the temperature
dependence of saturation isothermal remanent magne-
tization (MR–T ) imparted at 10 K and at 300 K, and via
the temperature and frequency dependence of magnetic
susceptibility χ( f T ).

2.4. Remanence experiments

Anhysteretic remanent magnetization (ARM) and
thermoremanent magnetization (TRM) were imparted to
23 and 19 of the 24 samples, respectively. ARM was
imparted using a D-Tech Alternating Field Demagne-
tizer with ARM/pARM attachment. ARM samples
consisted of a single large chip, or several small chips
immobilized in Fiberfrax™ quartz cotton, packed inside
a gelatin capsule. All specimens were AF-demagnetized
in 3 mutually perpendicular directions at 200 mT prior
to imparting ARM. ARM was imparted using a 100-mT
peak alternating field and DC bias fields of 10, 20, 50,
100, and 200 μT. The intensity of ARM acquired at each
field level was measured on a 2G model 760 single
specimen cryogenic magnetometer at the Institute for
Rock Magnetism. Following ARM acquisition, we step-
wise AF-demagnetized the samples up to 100 mT.

TRM specimens consisted of a single large chip, or
several small chips mixed in high-temperature cement
and fixed to Princeton Measurements Corp. μVSM
ceramic sample mounts. This aided in maintaining
sample orientation within the TRM furnace and during
measurements on the 2G cryogenic magnetometer.
TRMwas the last experiment performed on the samples,
and was performed on the same chips used for hysteresis
and low temperature experiments. All specimens were
AF-demagnetized in 3 mutually perpendicular direc-
tions in a 200-mT peak alternating field prior to the
TRM acquisition experiments.

TRM was imparted in a flowing argon gas
atmosphere at field strengths of 10, 20, 50, and
100 μT. Samples were placed inside a quartz tube,
which was connected to an argon gas cylinder. The
quartz tube was placed inside a solenoid capable of
generating steady applied fields from 10 to 100 μT.
The field intensity and stability was monitored with a
fluxgate magnetometer. The entire assembly was
placed inside a set of 5 nested mu-metal shields in
order to block out the ambient laboratory field. Curie
temperatures determined via MS–T experiments were
used to select the temperature at which TRM was
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imparted. All Curie temperature determinations were
below 510 °C. Therefore, TRM was imparted at
550 °C as a function of applied field intensity.
Samples were heated to temperature in the presence
of the applied field, held at 550 °C, and then cooled in
the presence of the applied field. The intensity of
TRM acquired was measured using a 2G model 760
cryogenic magnetometer. Magnetic susceptibility was
measured after each heating step on an AGICO KLY-2
Kappabridge to monitor thermochemical alteration of
the specimen. Replicates of several samples were
measured to assess sample homogeneity and TRM
reproducibility.

3. Results

3.1. Electron microscopy

The iron–titanium oxides (Fe–Ti oxides) in the
sample set display a wide variety of crystal sizes and
textures (Fig. 1; see also Hammer [34]). Quenched
samples and IW samples are glassy. Fe–Ti oxide grains
are not clearly visible in any of these samples. Fe–Ti
oxides increase in abundance with increasing fO2 [34].
Samples synthesized at slower cooling rates have less
glass and larger Fe–Ti oxide crystals. The Fe–Ti oxide
Fig. 1. Backscatter electron (BSE) images of selected samples. Iron oxide gra
for additional images.
crystals progress from skeletal, cruciform grains at fast
cooling rates to euhedral grains that are up to 100 μm in
size at slow cooling rates [34]. Long chains of Fe–Ti
grains observed in the faster-cooled samples (N19 °C/h)
are likely to be single crystals connected outside the
plane of the thin section.

The dominant Fe–Ti oxide mineral is titanomagnetite
(Fe3−xTixO4, denoted Timt) with 2.4–2.7 Fe per formula
unit (Table 1). A rhombohedral ilmenite-rich phase was
not detected in any of the run products [34]. The
abundance of Timt and the impurity content varies
roughly systematically with fO2. Fe–Ti oxide grains in
the IW and QFM sample sets were smaller than the
electron microprobe spot size and interaction volume. It
is likely that compositional analyses on these small
grains also included the surrounding crystals and glass.
Therefore, compositions for these samples are not
reported in Table 1. For grains larger than 10 μm we
analyzed 10–20 spots per grain, and averaged the data to
calculate the composition reported in Table 1. There is a
significant amount of Mg and Al in the Timt, up to 0.6
cations per formula unit. Ti and Mg are inversely
correlated. The NNO sample set is relatively Ti-rich and
Mg-poor, whereas the MNO sample set is Mg-rich and
Ti-poor. Only 3 of the 24 samples, MA24, MA41 and
MA48, display 2-phase intergrowths (Fig. 1), two of
in size and morphology is highly dependent on fO2. See Hammer [34]



Fig. 2. (A) Ferromagnetic susceptibility (χF) and (B) saturation
magnetization (MS) of the sample array as a function of f O2 and
cooling rate.

Fig. 3. Magnetic hysteresis parameters for the QFM, NNO, and MNO
sample sets displayed on a Day Plot [39].
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which are the slow-cooled “QFM” samples oxidized to at
least the MH buffer (MA24 and MA48). These samples
contain titanohematite (Fe2−yTiyO3) with yb0.08 [34]
(Figs. 4 and 5) as lamellae within maghemite. The host
spinels have low Ti content (xb0.03) but highMg and Al
content, and their compositions plot to the right of the
magnetite–ülvospinel solid solution line on the FeO–
Fe2O3–TiO2 ternary diagram (see [34] Figs. 4 and 5).
The crystallographic orientations of the intergrown
phases were determined using electron backscatter
diffraction (EBSD). In sample MA41, the {0001}
plane poles of the rhombohedral phase (titanohematite)
are coincident with the {111} plane poles of the host
spinel phase (maghemite). This crystallographic rela-
tionship of intergrown Fe–Ti oxides is diagnostic of
high-temperature oxidation and oxyexsolution of tita-
nomagnetite, and the observed cation deficiency of the
host is characteristic of low-temperature oxidation to
maghemite [35,36].
3.2. Room-temperature rock-magnetic characterizations

The concentration ofmagnetic material in the synthetic
basalts was monitored using low-field magnetic suscep-
tibility (χ), high-field magnetic susceptibility (χHF) and
saturation magnetization (MS) corrected for paramagnetic
(i.e., high-field) contributions. The quenched sample set
and the IW sample set have weak values of bulk magnetic
susceptibility, on the order of 1–5⁎10−7 m3/kg, most of
which is carried by paramagnetic minerals and glass
(Table 1 and Fig. 2). Several of the quenched sample set
and the IW sample set show no hysteresis and a linearM–
H curve, hence there is no difference between low-field
and high-field susceptibility, and no high-field corrected
MS reported for these samples. Cooling rate has little
control on χ andMS. χ andMS increase with higher fO2

values, i.e., more oxidizing conditions generate a higher
concentration of magnetic material. We estimated the
vol.% of titanomagnetite in the sample set using the
paramagnetic-corrected MS values (Table 1), which
were converted to volume-normalized units (A/m) using
2900 kg/m3 as the density of basalt [37], and 48 Am2/kg
as the saturation magnetization for titanomagnetite with
2.5 Fe per formula unit [38]. This calculation yields
b1% magnetite for the IW samples, 1–2% for the QFM
samples, 1–4% for the NNO samples, and 9–20% for
the MNO and MH samples. These magnetically derived
concentration estimates closely match the quantitative
vol.% magnetite contents derived via image processing,
[34].

Magnetic hysteresis parameters are displayed in Fig. 3.
2 of the 4 quenched samples and 3 of the 6 IW samples
display purely paramagnetic magnetization versus applied
field (M–H) curves. TheQFM,NNO, andMNOhysteresis



Fig. 4. MS–T curves for selected samples measured in a 1-T applied field from 20 to 700 °C. Solid lines denote heating curves. Dashed lines denote cooling curves. The samples have well-defined
Curie temperatures between 285 and 510 °C. All samples have nearly perfectly reversible heating and cooling curves, suggesting little or no thermochemical alteration during the measurement.
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parameters fall within the stable-single-domain (SSD),
pseudo-single-domain (PSD) and multidomain (MD)
fields on a “Day Plot” [36,39]. Oxygen fugacity has a
strong control on hysteresis parameters. The QFM, NNO
and MNO sample sets form distinct clusters with minimal
overlap. The more reduced samples plot towards the upper
left of the Day Plot, and the samples move towards the
lower right with increasing fO2. Within each fO2 group,
samples move from upper left to lower right with
increasing cooling time. The oxidized QFM samples plot
with the MNO group. Both of these samples contain 2
phase intergrowths of variably maghemitized spinel and
titanohematite, and both plot within the MD region of a
Day Plot. Apparently, the subdivision of grains by lamellar
intergrowths during high-temperature oxyexsolution did
not decrease the magnetic domain size of these Fe–Ti
oxides.

3.3. Temperature-dependent order–disorder transitions

High-temperature MS–T curves were measured in
order to determine each sample's Curie temperature, to
select the appropriate temperature for TRM acquisition,
and to assess the samples' susceptibility to thermochem-
ical alteration during heating. The entire IW sample set
and all but one quenched sample yielded paramagnetic
MS–T curves, with no clear order/disorder transitions
Fig. 5. Low temperature MR–T curves for selected samples. MR was imparte
remanence at temperatures of 20–65 K. This is too low to be the magneti
titanomagnetite isotropic points or unpinning of domain walls due to decrea
evident during heating or cooling (Fig. 4A). The one
exception is the MNO quenched sample (MA21), which
yielded a well-defined Curie temperature at 491 °C. All
remaining samples yielded reversible heating and cool-
ing curves and well-defined Curie temperatures between
285 and 510 °C (Table 1 and Fig. 4).

None of the samples yielded Curie temperatures
consistent with pure magnetite or pure hematite. The
Curie temperatures of the MNO sample set and the two
oxidized QFM samples range from 475 to 510 °C. The
NNO and QFM samples have Curie temperatures
between 285 and 385 °C, with the exception of sample
MA40. Within each fO2 group, cooling rate has no
influence on Curie temperature.

Low temperature MR–T curves indicate the presence
of a remanence-carrying phase in the quenched and IW
samples. None of the samples display the magnetite
Verwey transition, nor is there a suggestion of the
Verwey transition in the first derivative of the MR–T
data (Fig. 5). The fast-cooled IW samples (N19 °C/h)
display rapid unblocking below 20 K, consistent with
either superparamagnetic (SP) behavior or thermal
unblocking of a paramagnetic phase that is ordered at
very low temperatures, possibly Fe-rich regions of the
basaltic glass. These samples lose N90% of the
remanence imparted at 10 K during warming to
300 K. The slow-cooled IW samples show a more
d in a 2.5-T field at 10 K. The samples display abrupt, large drops in
te Verwey transition. The observed order/disorder transitions may be
sing magnetocrystalline anisotropy.
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gradual loss of remanence during warming, and retain
30–40% of the initial remanence upon reaching 300 K.

Frequency and temperature dependence of magnetic
susceptibility was measured to further investigate if
superparamagnetic particles are present. The fast-cooled
IW samples show purely paramagnetic curves with no
frequency dependence of susceptibility (Fig. 6A). The
entire MNO sample set, including the quenched sample
(MA21), shows strong frequency dependence below
100 K (Fig. 6B, C, D). Frequency dependence of mag-
netic susceptibility below 100 K is a characteristic of
titanomagnetite (M. Jackson and B. Moskowitz, unpub-
lished data). The quenched MNO sample (MA21) also
shows a decrease in the peak χ(T) value as function of
frequency, and a shift in the temperature at which the
peak χ occur (Fig. 6B). These behaviors can be caused
by the presence of superparamagnetic particles [40].
However, coarse-grained synthetic titanomagnetites
also exhibit a frequency-dependent shift in the temper-
ature at which the peak χ occurs (M. Jackson and B.
Moskowitz, unpublished data). None of the samples
display frequency dependence of susceptibility above
100 K. While MR–T and ARM results are consistent
with, but not diagnostic of, the presence of ultrafine
grains near the SP/SSD boundary, χ( fT ) results were
inconclusive.
Fig. 6. Magnetic susceptibility as a function of applied field frequency and te
100 K, a behavior observed in synthetic titanomagnetites (M. Jackson and B
The QFM, NNO, and MNO samples display abrupt
drops in the intensity of remanence below 65 K (Table 1
and Fig. 5). For the MNO sample set the remanence
drop occurs at 25–45 K. The samples show a pro-
gressive loss of MR below the remanence drop. Above
the remanence drop there is only a 10% decrease in the
intensity of MR. Similar behavior was reported for
synthetic 2-mm single crystals of titanomagnetite and
natural iron-rich titanomagnetites with 0.05 to 0.40 Ti
cations per formula unit [41,42]. The Ti content of the
MNO samples is 0.05–0.12 cations per formula unit, but
the sum of Ti+Al+Mg is 0.34 to 0.59 cations per
formula unit. These features are likely magnetic
isotropic points (denoted TI) where the first magneto-
crystalline anisotropy constant K1 is briefly zero as it
changes sign [36,41,42]. Remanence imparted below
the isotropic point is partially demagnetized upon
warming through TI due to the shift in the easy axes
of magnetization from the [100] direction below TI to
the [111] direction above TI [36,41,42].

The remanence drop is suppressed or absent in the
fast-cooled (231 °C/h) QFM and NNO samples (Fig. 5).
For all other QFM and NNO samples the transition
temperatures occur at 50–65 K. The shape of the MR–T
curves are similar to those reported for synthetic
titanium-rich titanomagnetite (compositions TM55–
mperature. All samples have substantial frequency dependence below
. Moskowitz, unpublished data).



Fig. 7. (A) ARM acquisition as a function of DC bias field. Quenched and IW samples carry a measurable ARM. The intensity of ARM is several
orders of magnitude stronger for the QFM, NNO, and MNO samples, but with no systematic dependence on f O2 or cooling rate. (B–F) Alternating
field (AF) demagnetization of ARM for the (B) quenched, (C) IW, (D) QFM, (E) NNO, and (F) MNO sample sets.

Fig. 8. TRM acquisition as a function of applied field strength, from 10
to 100 μT.
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TM61) [41]. There is little or no loss of MR below the
transition temperature. Above the transition tempera-
ture the intensity of remanence continues to decay up
to 300 K, with a 40% drop in the intensity of
remanence. The NNO samples have a high Ti content,
0.31 to 0.33 cations per formula unit, but the sum of
Ti+Al+Mg spans the same range of values as the
MNO sample set. Moskowitz et al. [41] suggested that
the remanence drops for the titanium-rich titanomag-
netite (TM55–TM61) were not isotropic points, but
instead related to the decrease in magnetocrystalline
anisotropy and the associated widening and unpinning
of domain walls, or possibly related to Jahn–Teller
lattice distortions [41].

3.4. Remanence experiments

Although the quenched and IW sample sets display
paramagnetic M–H curves, both sample sets acquired a
measurable anhysteretic remanent magnetization
(ARM) (Fig. 7). The quenched and IW samples'
intensity of ARM was 2 orders of magnitude above
the empty background of the 2G superconducting
magnetometer. Therefore, the quenched and IW samples
both contain a remanence-carrying phase, although its'
concentration is too low to measure on the vibrating
sample magnetometer and too small to image on the
SEM. The quenched samples all have similar AF
demagnetization curves (Fig. 7), with a median
destructive field (MDF) of 18–30 mT. The IW samples
acquired a slightly weaker ARM but were more resistant
to AF demagnetization, with a MDF range of 35–57 mT
(Fig. 7). The QFM, NNO, and MNO sample sets
acquired an ARM that was 2–3 orders of magnitude
stronger than the quenched and IW samples. There is no
systematic relationship between fO2 and the intensity of
ARM acquired, nor is there a systematic relationship
between cooling rate and the intensity of ARM acquired.



Table 2
Intensity of ARM and TRM acquired in weak (10 μT) and strong (50 μT) applied fields

Sample ID Cooling rate
(°C/h)

ARM50 μT

(mAm2/kg)
TRM10 μT

(mAm2/kg)
TRM50 μT

(mAm2/kg)
TRM10 μT/SIRM TRM50 μT/SIRM

IW buffer
MA18 105 0.028 0.019 0.122 – –
MA43 231 0.012 0.010 0.038 – –
MA31 72 – – – – –
MA38 19 0.014 – – – –
MA23 6 0.138 – – – –
MA47 3 2.41 0.026 0.137 0.002 0.009

QFM buffer
MA19 105 0.00 – – – –
MA44 231 8.35 15.33 69.60 0.03 0.13
MA32 72 6.19 14.10 61.91 0.02 0.09
MA39 19 6.45 7.32 31.36 0.02 0.08
MA24 a 6 3.54 11.84 50.40 0.02 0.08
MA48 a 3 3.88 1.75 19.98 0.01 0.08

NNO buffer
MA20 105 0.05 – – – –
MA45 231 6.14 7.77 30.69 0.01 0.05
MA33 72 4.89 4.74 18.61 0.01 0.05
MA40 19 2.80 9.12 52.93 0.03 0.17
MA25 6 4.13 5.25 26.10 0.01 0.04
MA49 3 6.05 6.62 62.72 0.01 0.12

MNO buffer
MA21 105 0.05 0.06 0.30 0.02 0.10
MA46 231 8.13 6.57 36.30 0.01 0.04
MA34 72 7.85 4.95 21.60 0.01 0.03
MA41 19 5.75 4.09 18.63 0.01 0.05
MA26 6 5.77 7.28 28.60 0.02 0.07
MA50 3 5.72 9.20 56.28 0.02 0.13

a Samples oxidized to magnetite–hematite buffer.
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However, a systematic relationship is observed during
AF demagnetization (Fig. 7). Slower cooled samples are
magnetically “softer,” with MDFs of 5–10 mT. Rapidly
cooled samples are more resistant to AF demagnetiza-
tion, and the MDF progressively increases for faster
cooling rates.

Thermal remanent magnetization was imparted to
the samples as a function of applied field strength
(Fig. 8). TRM acquired is not linearly proportional to
the applied field strength. Several samples acquired
their maximum TRM at 50 μT, and the remaining
samples experienced only a slight gain in TRM
between the 50-μT and 100-μT steps. TRM intensity
imparted at 10 μT is 0.01–0.06 mAm2/kg for the IW
samples, and 4–15 mAm2/kg for the QFM, NNO, and
MNO samples (Table 2). TRM intensity imparted at
50 μT is 0.05 to 0.5 mAm2/kg for the IW samples,
and 20–70 mAm2/kg for the QFM, NNO, and MNO
samples. The QFM samples and slowest cooled MNO
samples have the highest intensity of TRM at each
field step (Table 2). The TRM recording efficiency,
calculated as TRM divided by saturation isothermal
remanent magnetization (SIRM), ranges from 0.01 to
0.17 (Table 2).

4. Discussion

Our suite of rock-magnetic data and electron mi-
croscopy analyses allow a comprehensive character-
ization of the magnetic mineral assemblage in our
sample set. Such comprehensive analysis is always
desirable, but not always possible in SNC meteorite
samples due to the scarcity of material and the
destructive nature of heating experiments, the latter of
which are required for Curie temperature determina-
tions and TRM experiments. Here we evaluate the
constraints that each rock-magnetic result can place on
modeling the Mars magnetic source.
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4.1. Magnetic recording assemblage

The rock-magnetic properties of our sample set are
strongly dependent on fO2. QFM samples contain SSD
and fine PSD Timt grains. NNO and MNO samples
contain coarser PSD and MD Timt grains. Within each
fO2 group there is a domain-state dependence on cooling
rate. Although the majority of samples fall in the PSD
region of a Day Plot [39], hysteresis parameters represent
the average response of the entire sample to the applied
field. Mixtures of grain sizes can produce bulk hysteresis
parameters that appear PSD [36]. We suspect that the IW
samples, which appear purely paramagnetic in hysteresis
experiments, contain a low concentration of fine SP/SSD
grains. Similarly, we suspect that the QFM and NNO
samples, which mainly show N10-μm grains in the BSE
images, also contain a population of fine SP/SSD
titanomagnetite.

Several of the BSE images of the QFM and NNO
samples show very small (b1 μm) bright grains that may
be Timt, but confirmation of mineralogy by energy-
dispersive x-ray spectrometry or electron probe micro-
analysis is not possible because they are smaller than the
SEM and EMP interaction volume. For the quenched,
IW, QFM and NNO sample sets, the presence of fine and
ultrafine grains is suggested by the ARM demagnetiza-
tion data. ARM preferentially activates PSD and SSD
grains. Therefore, a population of fine grains that may be
volumetrically low and overwhelmed by MD grains and
paramagnetic minerals during in-field measurements of
χ and MS can be observed using ARM. Although the
hysteresis parameters of the quenched and IW samples
appear purely paramagnetic, these samples acquired a
weak but measurable ARM. The AF demagnetization
curves suggest SSD particles for the IW samples and the
sample set cooled at 231 °C/h. These samples may
contain fine magnetic particles within the basaltic glass
or exsolved inside silicate minerals.

The magnetic phase in nearly all of the samples is Mg-
and Al-bearing titanomagnetite. The average Timt
composition for the NNO and MNO samples has 2.4–
2.7 Fe cations, and 0.6 to 0.3 cations comprised of Ti,Mg,
and Al (Table 1). While the amount of Mg and Al
substitution appears high, our compositions are compa-
rable to the Fe–Ti spinels and Fe–Ti–Cr spinels recently
observed in SNC meteorites [23]. Titanium, aluminum,
and magnesium ions are all diamagnetic. Al3+ and Mg2+,
like Ti4+, decrease the saturation magnetization and Curie
temperature as they substitute for Fe2+ and Fe3+. Timt
grains with 2.4 to 2.7 Fe cations per formula unit should
have Curie temperatures in the range of 180 to 350 °C
[38]. While the QFM and NNO samples have Curie
temperatures consistent with, or only slightly elevated
with respect to the microprobe-derived Fe/ (Ti+Al+Mg)
ratio, the 6 MNO and the 2 MH sample sets have Curie
temperatures that are 100 to 200 °C higher than expected.

The disparity between the Curie temperatures ex-
pected on the basis of electron microprobe-determined
Fe content and those measured viaMS–Tmay arise from
high-temperature nonstoichiometry. The MNO sample
set likely contains stable titanomagnetite grains that
incorporated vacancies while rapidly crystallizing at
magmatic temperatures. Our observations are similar to
studies of synthetic TM60, which demonstrated that
above 1000 °C titanomagnetite can accommodate
limited deviations from stoichiometry within its stability
field [43,44]. The degree of nonstoichiometry increases
as a function of temperature and fO2, and is accompa-
nied by elevated Curie temperatures [43,44].

TheMH samples, MA24 andMA48 (cooled at 6 °C/h
and 3 °C/h, respectively) and one MNO sample (MA41
cooled at 19 °C/h) display sandwich-type lamellae of Ti-
poor, Mg-rich titanohematite within a strongly non-
stoichiometric spinel fitting the chemical definition of
maghemite [35]. The lamellae presumably formed dur-
ing high temperature oxyexsolution of the mildly cation-
deficient primary phase. The drift of the spinel com-
positions in MA24, MA48, and MA41 away from the
magnetite–ülvospinel solid solution line (see [34] Fig. 4)
suggests that maghemitization of the host grains oc-
curred during the lower-temperature portions of the cool-
ing experiments.

Despite the presence of maghemite, the MS–T curves
for MA24, MA48, and MA41 are nearly perfectly
reversible (Fig. 4). It is possible that the Curie curves
are dominated by the Mg-rich titanohematite lamellae.
However, the saturation magnetization of titanohematite
is weaker than that of maghemite. While we have not
quantified the vol.% of each phase, the maghemite
appears to be more volumetrically significant in all 3
samples, and is expected to make a stronger contribution
toMS. If the maghemite dominates the Curie curves, then
reversible behavior during heating and cooling cycles is
contrary to the typical observations for maghemite and
titanomaghemite. Maghemite inverts to hematite during
heating in air or in a vacuum, and titanomaghemite inverts
to a titanium-rich rhombohedral phase plus a titanium-
poor spinel [36,45]. We speculate that the maghemite in
these samples is stable with respect to hematite up to
temperatures of 490–510 °C (Fig. 4h), possibly related to
the large amount of Al and Mg substitution in the crystals
(Table 1). Our observations are similar to those reported
by Özdemir and Banerjee [46], who reported that
synthetic maghemite crystals remained stable during



Fig. 9. (A) Depth to the Curie isotherm as a function of geothermal gradient, from 5 to 25 K/km (bold curves) and a surface temperature of 220 K. The
average Curie temperatures of the QFM and MNO sample sets are shown, along with the Curie temperatures of TM60, pyrrhotite, magnetite, and
hematite. If the geothermal gradient on Mars was high (25 K/km) at 4 Ga, the magnetized layer is constrained to be less than∼28-km thick (indicated
by grey bar). (B) Intensity of the verticalmagnetic field anomaly over a 200-km-wide prism of variable thickness as a function of volumemagnetization
(5 to 100 A/m). The generation of 1000-nTanomalies at a satellite altitude of 100 km in a layer constrained to be less than 28 km thick requires volume
magnetizations of 25–40 A/m.
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heating up to 500–510 °C, followed by incomplete
inversion to hematite at 510–660 °C. The authors
observed that 65% of the original maghemite remained
unchanged following heating. Similarly, we suspect that
the maghemite in MA24, MA41, and MA48 experienced
incomplete inversion to hematite, hence the nearly
reversible heating and cooling cycles.

The Curie temperature of the magnetic recording
assemblage constrains the thickness of the magnetized
layer on Mars. To investigate the required thickness of
the Mars magnetized layer we calculated the depth to the
Curie isotherm of our QFM and MNO sample sets,
along with magnetite, hematite and pyrrhotite (Fig. 9A).
We used a Mars surface temperature of 220 K (−55 °C)
and linear geothermal gradients of 5–25 K/km. The use
of linear gradients is too simplistic if there are heat-
producing radiogenic elements in the Martian crust,
which would result in shallower Curie isotherms than
those calculated here [47]. However, this simple
calculation can serve as an initial approximation of the
required layer thickness.

For a low geothermal gradient of 5 K/km, the average
Curie temperature of our QFM sample set is reached at
∼75 km and the average MNO Curie temperature is
reached at ∼110 km. For a low geothermal gradient, the
thickness of the magnetized layer can potentially be quite
large. However, the geothermal gradient at 4 Ga when the
magnetization was acquired was likely much higher [48].
For a geothermal gradient of 25 K/km, the Curie
temperatures of the QFM and MNO sample sets are
reached at 14 km and 23 km, respectively. The Curie
temperatures of pure pyrrhotite, magnetite, and hematite
are reached at 16, 25 and 28 km, respectively. For a high
geothermal gradient, the magnetized layer is relatively
thin for all of the possible recording minerals. In this case,
a very high intensity of remanence is required to generate
the observed 1000-nT anomalies at 100-km altitude.

The intensity of remanence required to generate a
given vertical field anomaly HZ was calculated by
modeling a uniformly magnetized block as the region
between two parallel sheets of magnetic poles, one at the
base of a prism with magnetization +MZ and one at the
top of a prism with magnetization −MZ [49]. We used a
block that is 200-km wide in the X-direction, infinitely
long in the Y-direction, and varying in thickness from 5 to
100 km (Fig. 9B). The contours in Fig. 9B show the
resulting vertical field anomalyHZ as a function of prism
thickness and intensity ofMZ. For a block constrained to
a thickness of less than ∼30 km by the likely Curie
isotherms, the required values of MZ necessary to
generate an anomaly of 1000 nT at a satellite altitude
of 100-km range from 25 to 40 A/m. The required values
ofMZ would be higher for blocks that are narrower in the
X-direction. The MZ values required to produce the
observed intensity of remanence from a relatively thin
layer far exceed the NRM values of most terrestrial
basalts, which range from b1 to 15 A/m [50–57].

4.2. Intensity of TRM

A key question in this study is to assess whether iron-
rich basalt acquires a TRM that has significantly higher



Fig. 10. TRM intensity of the synthetic Mars basalts acquired at 10 μT and 50 μT compared with cleaned NRM intensity of terrestrial basaltic glass,
basalt, gabbro, and ultramafic crustal rocks. The NRMs of the Ocean Drilling Program samples have been AF demagnetized or thermally
demagnetized to remove the drilling overprint [50–54]. True NRMs (no demagnetization) are shown for samples collected via 1 in. paleomagnetic
drill cores [55] or via dredge hauls [56,57].
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Fig. 11. Susceptibility of TRM and NRM (χTRM and χNRM,
respectively) for selected data sets from Fig. 10. χTRM is calculated
from NRM (or NRMCL) intensity and the intensity of the magnetizing
field determined from Thellier–Thellier absolute intensity analyses.
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intensity than typical MORB. In order to compare the
synthetic basalt intensities to terrestrial basalts, we have
converted our mass-normalized TRMs (Am2/kg) to
volume-normalized TRMs (A/m) using 2900 kg/m3 for
the density of basalt [37]. The oxide-rich MNO samples
are likely to have higher densities than the oxide-poor and
silicate-rich IW samples. However, a density difference of
±100 kg/m3 causes only a ±3% change in the volume-
normalized TRM value. Given that the TRM values for
the MNO sample set are nearly 3 orders of magnitude
higher than the IW sample set, we consider a few
percentage points of uncertainty negligible for this
calculation. Natural remanent magnetization (NRM)
intensities of terrestrial basalt, basaltic glass, and gabbro
were compiled from subaerial and submarine studies, the
latter comingmainly fromOceanDrilling Program (ODP)
expeditions. Several ODP legs have targeted oceanic crust
at both fast and slow spreading centers, ocean island
basalts, exposures of lower gabbroic crust and mantle
peridotite, and large igneous provinces [50–54].

The intensity of NRM in both subaerial and submarine
basalts can be misleadingly high. For example, basalts
collected on La Réunion Island have NRM intensities of
b1 to 20 A/m [55]. However, NRM intensities greater
than ∼15 A/m were attributed to lightning strikes, hence
they are a saturation isothermal remanent magnetization
(SIRM) acquired in a very strong field rather than a ther-
mal remanent magnetization acquired in the ambient ter-
restrial field [55].

Several ODP legs have reported very high NRM
intensities for oceanic crustal rocks, exceeding 20 A/m.
However, these samples are affected by a secondary
component of magnetization acquired during drilling.
This “drilling overprint” has been repeatedly observed
and described in both sediments and igneous rocks [50–
54]. In order to estimate typical NRM intensity ranges
for terrestrial rocks we have compiled “cleaned NRM”
values (denoted NRMCl). Cleaning consists of step-wise
AF demagnetization or thermal demagnetization and
monitoring of the remanence vector to determine when
the drilling overprint has been removed and the
characteristic remanence (ChRM) has been isolated.
The drilling overprint often accounts for N90% of the
initial NRM [50–54]. One-inch paleomagnetic drill
cores from subaerial sites (that are free of lightning-
induced SIRM) and dredge hauls are free of the drilling
overprint. Hence the true NRM is reported for dredge
samples in Fig. 10 [55–57].

Our NRMCl compilation was constructed using the
intensity of remanence at the lowest AF or thermal
demagnetization step that defines the ChRM. For
example, if the shipboard paleomagnetism team
reported that the ChRM was determined from the 15–
50 mT AF demagnetization levels, then the cleaned
NRM reported here is the intensity of NRM at the 15-
mT step. The character, coercivity, and intensity of the
drilling overprint varies with rock type and magnetic
mineral assemblage of each sample. Therefore, the
cleaning method varies for the four ODP legs
considered here, and includes AF demagnetization
data from the 10–30 mT steps and thermal de-
magnetization data from the 100–300 °C steps. While
cleaned NRM intensities are certainly lower than true
NRM intensities, they nevertheless enable us to estimate
the order of magnitude of NRM intensity for terrestrial
rocks.

Our synthetic Fe-rich basalts have a very high intensity
of TRM compared with the cleaned NRM of terrestrial
samples, in which iron contents range from 4% to 15%
(Fig. 10). The intensity of TRM acquired by our sample
set varies as a strong function of fO2. The IW sample set
acquired a weak but measurable TRM on the order of
0.02–0.5 A/m. The QFM, NNO, and MNO sample sets
acquired TRM with intensities of 10–40 A/m in a 10-μT
field, and up to 100–200 A/m in a 50-μT field (Fig. 10).
The intensity of TRM acquired by the QFM sample set in
a 10-μT field has a higher intensity than most terrestrial
basalts, basaltic glasses, and gabbros. TRM acquired by
the QFM, NNO, and MNO samples in a 50-μT field is
substantially higher than terrestrial samples (Table 2 and
Fig. 10). Only the zero-age terrestrial pillow basalts from
the East Pacific Rise match this intensity of remanence
[56]. Carlut and Kent attributed their high NRM in-
tensities to the young age of the samples, absence of
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alteration, and possibly an enhanced magnetizing field
due to a strong local magnetic anomaly.

Samples in the NRMCl compilation span a wide range
of latitudes and a large range of ages. To remove the
impact of geomagnetic field spatial and temporal
variations on NRM intensity and degree of time-
dependent alteration, we calculate and compare the
susceptibility of TRM (Fig. 11). We define the suscep-
tibility of TRM [χTRM] as TRM/H for the synthetic Mars
basalts, where H is the applied field strength, or NRMCl/
HA for terrestrial samples, where HA is the ancient
magnetizing field determined from the Thellier–Thellier
double heating experiment [58,59]. For this comparison,
we used only those studies that reported both the intensity
of NRM during stepwise demagnetization and absolute
paleointensity values for HA.

The synthetic Mars basalts have a higher χTRM than
terrestrial samples (Fig. 11). Even TRM imparted at
10 μT has higher χTRM than the sample set of Carlut
and Kent [56]. These results support the “magnetic
telechemistry hypothesis,” which proposes that iron-
rich lavas generate higher concentrations of titano-
magnetite and therefore record a higher-amplitude
NRM [60–62].

Oxygen fugacities included in the synthesis experi-
ments are relevant to magmatic and postmagmatic
processes on Mars, as inferred from Fe–Ti oxide
oxybarometry [63,64] pyroxene–melt partitioning of
Eu, Gd, and Sm [30,65], olivine–spinel–pyroxene
oxybarometry [31,66], and Raman spectroscopy [67]
of the SNC meteorites. A consensus is emerging that the
mantle source regions of the basalts represented by the
SNC meteorites are less reduced than the lunar mantle,
but more reduced than the terrestrial mantle [66–69].
The most reducing Martian basalt source environments
are recorded in the phenocryst core compositions of
Dhofar 019 (IW−0.2), and SaU 005 (IW+0.2 [66]).
Other meteorites preserve evidence of near-liquidus
crystallization at less reducing conditions, for example
EETA 79001 lithology A (IW+2 [63]). Still other me-
teorites unequivocally reflect relatively oxidizing con-
ditions in the late stages of solidification. For example,
Fe–Ti oxides in Los Angeles represent conditions near
QFM [70], as do the mesostases of Shergotty and MIL-
03346, which contain silica, fayalite, and magnetite-rich
spinel [71,72]. With the highest Fe3+ content recognized
among the meteorites, MIL-03346 may record the most
oxidizing magmatic environment yet determined for
Mars [73]. Truly oxidizing conditions (MNO to MH) are
not recognized in the primary igneous mineralogies of
any extant meteorites, although the presence of non-
terrestrial hematite in EETA-79001 [67] points to the
highly oxidizing nature of the subsolidus alteration con-
ditions this meteorite experienced. Nonetheless, Herd
[66] notes that extreme fractional crystallization in a
magma ocean cumulate pile may increase ferric iron to
6 wt.% and boost redox conditions close to the MH
buffer. Thus, the final stages of Martian magma ocean
solidification could have produced the oxidized “crust-
like” component that has been proposed on the basis of
oxygen isotopes and long-lived 147Sm–143Nd isotopic
compositions of somemeteorites [74]. Herd [66] suggests
that interaction between reduced mantle and these late-
stage “crust-like”mantle reservoirs during partial melting
could give rise to the variation in intrinsic oxygen fu-
gacities (∼IW to QFM) recorded in the primary igneous
minerals of the SNC meteorite suite.

Our results suggest that magmas that crystallize at or
near IW conditions have a very low concentration of
ferrimagnetic minerals and acquire very weak TRMs.
The intensity of TRM acquired by our IW sample set is a
factor of 50–500 too low to generate the observed 1000-
nT anomalies within a b30-km prism. Even if the
geothermal gradient allowed a prism up to 100-km
thick, the IW sample set would still be a factor of 15–
150 too weak to explain the MAG/ER data.

The QFM samples contain SSD to fine PSD titano-
magnetite, which are very efficient carriers of TRM. The
QFM samples acquired intense TRMs in weak applied
fields. Although the Curie temperatures of the QFM
sample set were low, 280–315 °C, the intensity of re-
manence, 40–200 A/m, is more than sufficient to generate
1000-nT field anomalies even in a prism as thin as 14 km
(Fig. 9B).

5. Conclusions

Fe-rich basalts synthesized at variable fO2 buffer-
ing conditions and cooling rates display a wide array
of titanomagnetite crystal sizes and crystal forms. The
concentration of magnetic grains, magnetic domain
state, and magnetic mineralogy in the samples is
highly dependent on fO2. Within each fO2 group
there is a secondary dependence on cooling rate.
Samples synthesized at IW conditions are glassy and
appear paramagnetic during in-field experiments.
Remanence experiments indicate the presence of a
fine-grained remanence-carrier, likely near the SP/SSD
boundary. While these samples acquired a measurable
ARM and TRM, the intensity of TRM is a factor of
50–500 too low to account for the 1000-nT Mars
crustal anomalies.

Samples synthesized at NNO and MNO conditions
have a higher concentration of magnetic particles and
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display large euhedral grains up to 100 μm in diameter,
which is well within the multidomain range of
titanomagnetite. The Fe–Ti oxide composition is Mg-
and Al-bearing titanomagnetite with 2.4–2.7 Fe cations
per formula unit. The Curie temperatures of these
samples are up to 200 °C higher than expected for this
Fe/(Ti+Mg+ Al) ratio. The elevated Curie temperatures
are attributed to high-temperature deviations from
stoichiometry. While the NNO and MNO samples
acquired intense TRMs of 10–200 A/m, it is unlikely
that any Mars magma reservoir crystallizes at such
oxidizing conditions.

The QFM sample set acquired the highest intensity
TRMs, up to 40 A/m in a 10-μT field and up to
200 A/m in a 50-μT field. These samples have low
Curie temperatures of 285–385 °C. The depth to the
QFM and MNO Curie isotherms is estimated at 14–
23 km on Mars using a geothermal gradient of 25 K/
km. If the geothermal gradient on Mars was 25 K/km
at 4 Ga, even pure magnetite and pure hematite would
have Curie isotherms shallower than ∼28 km, neces-
sitating MZ intensities of N20 A/m to account for the
total field anomalies detected by the Mars Global
Surveyor MAG/ER experiment. However, the intensi-
ty of TRM acquired by our QFM sample set in a weak
10-μT field is sufficient to generate 1000-nT field
anomalies at an altitude of 100 km, even in a layer as
thin as 14 km. Our results suggest that Fe-rich melts
that crystallize under QFM conditions will generate
Timt-rich basalts that can acquire very high intensity
TRMs, even in weak magnetizing fields, as postulated
for the Martian magnetic field at 4 Ga.
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