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Abstract

Mars Global Surveyor (MGS) magnetic data were analyzed to obtain the electromagnetically induced response of the
Martian mantle. The time-varying part of the MGS magnetic data analysis was obtained by removing a model of the
static field. Only night data were selected and binned on a regular grid. The binned time series were processed using
a proxy of the transient magnetic field. Two proxies were designed, one based on the MGS data themselves and one
built from the Advanced Composition Explorer (ACE) dataset. The internal induced response of the planet was
obtained at periods ranging from more than 1 to 200 days. The induced responses were inverted to infer the mantle’s
electrical conductivity down to about 1,300 km. The comparison of our conductivity profiles with previous theoretical
studies confirms an aerotherm close to the cold boundary of thermal models of the Mars interior. A mantle transition
zone was determined between 1,000 and 1,200 km deep.
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Findings
Introduction
The increase in knowledge about the deep interior ofMars
acquired in the past decade still relies on a very limited
amount of data. Only a few geochemical, geophysical, and
astronomical observations provide reliable constraints on
the planet’s mantle. Estimates of the Martian mantle com-
position are derived from geochemical studies of a set
of basaltic achondrite meteorites, collectively designated
the SNCs (shergottites, nakhlites, and chassignites) (e.g.,
Dreibus and Wanke 1985; Bertka and Fei 1997; Sanloup
et al. 1999). Areodesy observations provide information
on mass, mean density, and moment of inertia to build
models of the deep interior of Mars (e.g., Khan and
Connolly 2008; Rivoldini et al. 2011; Konopliv et al. 2011).
All these studies highlight the need for new geophysical
data. This study aims to discriminate the thermal profile
(hot or cold), to obtain crucial information about the min-
eralogical assembly (peridotic or pyroxenic), and to deter-
mine the mineralogical transition zone of the Martian
mantle from those proposed in the literature (Dreibus and
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Wanke 1985; Bertka and Fei 1997; Sohl and Spohn 1997;
Sanloup et al. 1999; Mocquet and Menvielle 2000).
As no seismic observations are available yet, mantle

structures in planet Mars may be directly inferred by
studying the observed magnetic field. The most exten-
sive magnetic dataset outside the Earth was obtained
during the Mars Global Surveyor (MGS) mission (Acuña
et al. 2001). These data are comparable to Earth satel-
lite data in length (several years) and quality, but with
a complex time-varying field (Dubinin et al. 2008; Kallio
et al. 2008) resulting from the interaction between the
solar wind and the environment of the planet. This
transient magnetic field induces electric currents in the
planet’s crust and mantle, which are in turn responsible
for an internally induced magnetic field superimposed on
the former one. Electromagnetic induction (EI) is there-
fore a process that gives access to the electric properties of
the planet through observation of the transient magnetic
field (e.g., Tarits 1994). Mocquet andMenvielle (2000) and
Vacher and Verhoeven (2007) demonstrated the sensitiv-
ity of conductivity and EI data to different mantle compo-
sitions and temperature using the mineralogical assembly
proposed by e.g., Dreibus and Wanke 1985 from an anal-
ysis of elementary ratios in SNCmeteorites. Mocquet and
Menvielle (2000) tested two mineralogical compositions,
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olivine-rich (e.g., Dreibus andWanke 1985) and pyroxene-
rich, of the Mars mantle to obtain profiles of electrical
conductivity (Sanloup et al. 1999) and both hot and cold
thermal profiles.

Mars magnetic field and the MGS data
The magnetic dynamo shut down more than 4 Gyrs ago
(Hood et al. 2007). Magnetic sources therefore originate
from remanent magnetization and exospheric fields. Due
to the lack of a main magnetic field of internal origin,
Mars does not have a magnetospheric shield. Thus, ener-
getic particles of the solar wind interact directly with
particles of the ionopause, creating a highly conductive
layer under the satellite, at an altitude of 150 to 200
km on the dayside (Kallio et al. 2008). Moreover, dur-
ing energetic solar storms, particles of the solar wind can
travel through the atmosphere to the planetary surface.
They interact with crustal magnetic anomalies, creating
mini-magnetospheres (Kallio et al. 2008) and numerous
magnetic perturbations on the dayside of the planet.
Mars Global Surveyor measured quasi-continuous time

series of the three components of the Martian magnetic
field for 8 years in a quasi-circular and polar orbit config-
uration (Acuña 1999) at a mean altitude of 380 km during
the mapping phase period (1999 to 2006). The orbit plane
was fixed in local time (2 a.m. to 2 p.m.) during the map-
ping phase. Datasets were acquired both in planetocentric
coordinates (X toward longitude 0, Airy crater) and in
Sun-state system coordinates (X toward the Sun). The
MGS magnetic dataset has an ideal spatial coverage to
infer the overall induced response to external electromag-
netic forcing. Magnetic dataset was acquired at a nominal
sampling rate of 32 samples per second and averaged to
0.75, 1.5, or 3.0 s according to the memory allocation. The
memory allocation were determine with respect to the
Mars-Earth distance (see Figure 1) with a dynamic accu-
racy from 0.002 to 32.768 nTwith respect to the amplitude
of the field. EI analysis is based on the study of the time-
varying part of the recorded magnetic field. The first step
in the data processing was therefore to reduce the mag-
netic field from the static crustal field. The latter was
removed using the equivalent dipole model calculated by
Langlais et al. 2004 for each position of the spacecraft.
Thus, from now on, the magnetic field refers to the MGS
field minus the static crustal field.
The purpose of EI analysis is to determine the induced

part of the magnetic field carrying information about the
electrical conductivity of the Mars mantle. With satel-
lite measurements, the magnetometer samples both the
time-varying and the spatial geometry of the transient
field simultaneously. The discontinuous sampling impacts
the recovery of the EI response functions. The sam-
pling of MGS magnetic data is presented in Figure 1
expressed in daily percentage of available data compared

to a continuous nominal maximum sampling. It can be
seen in Figure 1 that the sampling rate varies from 100%
to 25% with respect to the distance Earth-Mars with
a 2-year periodicity. The MGS magnetic mission was
not designed to perform electromagnetic induction stud-
ies, and the dataset contains gaps from a few seconds
to several days mainly during communication with the
Earth, due to the presence of high-gain antennae close to
the magnetometers, or during orbit adjustments (Acuña
et al. 2001).
The MGS data were analyzed using the technique pro-

posed by Civet and Tarits (2013) which combines satellite
data binning on a regular grid and a time-series proxy of
the time-varying field (see Additional file 1). The spatial
grid onwhich the data were binned was defined bymaking
a compromise between the number of samples per mesh
and the spatial resolution. The grid was defined by two
polar caps of 30° latitudinal extension, 12 high-latitude
meshes of 30° by 60°, and 144 mid-latitude and equatorial
meshes of 15° by 15°. This method involves the generation
of additional gaps in the time series. Moreover, on the day-
side, the satellite is above the ionopause (Kallio et al. 2008)
precluding the separation between the external inducing
and internal inducedmagnetic field. Thus, only night-time
data were selected (Acuña et al. 2001). Moreover, crustal
magnetic models are calculated using only nightside data
(e.g., Langlais et al. 2004) to limit the external contami-
nation in magnetic data. The selection of nightside data
increased the number of gaps in the data.

MGS and ACE proxies
Completing magnetic time series with a proxy of the
time-varying magnetic activity in a planet environment is
necessary to compute the time spectra of the magnetic
field components and thus determine the EI responses.
On Earth, several indices are defined to characterize
the source field activity (e.g., Menvielle and Marchaudon
2007). In global EI studies, the Dst index provides the
required information for the magnetospheric activity. As
a result, using the Dst index as a proxy means consider-
ing that the source field is dominated by the ring current
effect which is a reasonable approximation on Earth (e.g.,
Kuvshinov and Olsen 2006). The Dst index is in fact a
synthesis of data from several geomagnetic observatories
close to the magnetic equator. Civet and Tarits (2013)
derived a proxy representative of the temporal variability
of the external source directly from satellite data, averag-
ing components of the magnetic field over half orbit. This
method called ‘self-proxymethod’ led to similar results for
the Earth’s mantle conductivity. We applied this method
to MGS. In practice, each magnetic field component was
averaged every half-orbit containing more than 500 data
points. The data were then re-interpolated to obtain a
regular hourly time series. For gaps shorter than 5 h, a
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Figure 1 Daily sampling of magnetic data of MGS during the mapping phase. Expressed in percentage of available data taking into account a
continuous nominal maximum sampling. The upper part presents the 12 time series used for our calculations using both proxies: proxy-MGS-1, 6
time series of 125 days (blue); proxy-MGS-2, 2 time series of 210 days (red); proxy-ACE, 4 time series of 200 days.

Lagrangian polynomial interpolation was applied. With
these criteria (half orbit of more than 500 samples and
gaps less than 4 to 5 h) six continuous time windows of
125 days and two time windows of 210 days were obtained
(Figure 1). These proxies were noted proxy-MGS-1 for the
125-day windows and proxy-MGS-2 for the 210-day win-
dows. The self-proxy technique was tested to represent
the temporal variability of the EM source on Earth using
Ørsted magnetic data (Neubert et al. 2001). The results
were in agreement with previous studies (Olsen 1999a;
Semenov and Jozwiak 1999; Kuvshinov and Olsen 2006;
Velimsky 2010; Civet and Tarits 2013); more information
is available in Additional file 1.
The only other dataset available and usable during

the MGS mission is the solar wind set of parameters,
which has been continuously recorded by the Advanced
Composition Explorer (ACE) satellite located at the L1
Lagrange point of the Earth-Sun system since 1997 (Stone
et al. 1998). Vennerstrom (2003) showed that the inter-
planetary magnetic field (IMF) deduced from the ACE
dataset may be extrapolated to the Mars region when
Mars and Earth are close to the same arm of the Parker
spiral (Parker 1958). In contrast with Earth’s ionized envi-
ronment, Mars magnetic activity is a fairly direct function
of the IMF (Vennerstrom 2003), and we assumed that
the time-varying magnetic field recorded by MGS was
approximately proportional to the fluctuations of the IMF.
Following Vennerstrom (2003), the ACE time series was
time-shifted to the Mars position assuming a constant
velocity of Vm = 400 km s−1 for the particles carrying
the IMF (see Additional file 1 for details). Four periods of
200 days were determined (Figure 1) when the time shift
between ACE and Mars was shorter than 4 days. These
time series corresponded to time spans when the sampling
rate of the MGS data was maximal. This proxy was called
proxy-ACE.

Figure 2 shows four simultaneous time series of the
time-shifted ACE data for the three magnetic components
in heliocentric coordinates, which are compared to the
MGS Sun-state dataset Bx, By, and Bz (proxy-SU). The
Sun-state coordinate system is defined by the following
characteristics: the X-axis lies along the instantaneous
Mars-Sun vector and is positive toward the Sun, the Y -
axis is the vector cross product of X, and Z is the vector
parallel to the northward (upward) normal of the orbit
plane of Mars. The dataset was first averaged to obtain
daily values and remove shorter periods in the signals.
Linear (Pearson test) and non-parametric (Kendall and
Spearman) correlation coefficients (Press 2007) were cal-
culated between the proxy-ACE and proxy-SU time series
(see Additional file 1 for details). We hoped to find a sat-
isfying correlation for at least one component of the mag-
netic field in order to define a second proxy of the external
variability, as predicted by Vennerstrom (2003). Only the
By component was significantly correlated. Correlation
coefficients were greater than 50% for all sections (see
Additional file 1). This level of correlation is remarkable
given the strong assumptions that were used to extrapo-
late the IMF near the Mars environment. For short time
spans (less than a day), the correlation was weaker prob-
ably because of a draping phenomena close to the plan-
etary bow shock which induces tension and elongation
of magnetic field lines. The constant velocity hypothe-
sis is also a strong a priori for the temporal resolution
of high-frequency phenomena. The significant correlation
between the By components of proxy-MGS and proxy-
ACE led us to select this vectorial component as proxies
for subsequent analyses.

EI responses and inversion
Themethodology proposed by Civet and Tarits (2013) and
summarized in Additional file 1 was applied using two
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Figure 2 Four time series of time-shifted IMF compared to MGSmeasurements. Proxy-SU (black) and proxy-ACE (red) for the three
components of the magnetic field (in Sun-state coordinates).

different proxies representative of the temporal variabil-
ity of the EM source. Three periods of time series were
obtained denoted proxy-MGS-1 (six time series of 125
days), proxy-MGS-2 (two time series of 210 days) and
proxy-ACE (four time series of 200 days). The spheri-
cal harmonic expansion (SH) of the internal and external
potentials of the observed MGS magnetic field in the fre-
quency domain was calculated (see Additional file 1 for
details). The SH expansion was limited to the longest
wavelengths (SH degrees up to l = 3), representative of
the spatial resolution of the grid. Given the low signal-
to-noise ratio (SNR), some of the SH coefficients were
not physical. For some specific periods, degree, and order,
internal potentials were larger than the external ones.
Hence, SH coefficients with values larger than the phys-
ically acceptable values were removed (maximum values
of the induced/inducing = β/α ratio are 0.5 for l = 1,
0.66 for l = 2, and 0.75 for l = 3 for perfect conduc-
tive body). Examples of the remaining magnetic external
αm
l and internal βm

l potentials at SH degree l and orderm
are synthesized in the form of a spectrogram in Figure 3
for two sets of data using proxy-MGS-2 (210 days) and
proxy-ACE (200 days). The energy of SH coefficients αm

l
and βm

l was calculated by l ∗ |αm
l |2 and (l + 1) ∗ |βm

l |2,
respectively. For both datasets, the energy was stronger for
periods greater than 2 days. There was a dominant ampli-
tude in the external potential αm

l at SH degrees 1 to 3 and
order 0 for both proxy-MGS and proxy-ACE with a maxi-
mum for l = 2. At present, we cannot confirm the physical
process responsible for such a geometry.

For a spherically symmetric body, the EI response to a
source of given geometry is necessarily an internal field of
the same geometry. Hence, internal SH terms at degrees
and orders different from the dominant source terms
could reflect the effect of strong mantle heterogeneities
(e.g., Olsen 1999b; Tarits et al. 2010). This signal could
also be a bias from the analysis in the process of separating
the internal from the external field. It is still difficult to
quantify the SNR in the data processing, and additional
investigations are needed to clarify the origin of these
heterogeneous internal SH coefficients.
Considering Mars a spherically symmetric body, for a

given conductivity profile, a forward calculation at a given
frequency ω of the internal induction process for a uni-
tary source potential of strength 1 and SH geometry l,
m provides the model’s response Ql. This value is also
equal to the ratio of the observed magnetic SH potential
coefficients βm

l /αm
l (see Figure 3 and Additional file 1).

Multiplying Ql by the observed external potential αm
l (ω)

gives the theoretical internal induced potential βm
l at the

same frequency to be compared with the observed βm
l . We

applied the 1-D inversion procedure from Civet and Tar-
its (2013) to obtain the conductivity model that minimizes
the misfit between the observed and theoretical β values.
Inversions were carried out for all three SHs, l =

1 to 3, m = 0, all periods, and all windows for a given
proxy model. A large number of inversions with various
parameterizations of the Mars mantle were run, vary-
ing the number of layers and starting conductivity val-
ues. The different acceptable SH coefficients from the
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Figure 3 Spectrograms of external (upper part) and internal (lower part) SHmagnetic potential coefficients αm
l and βm

l , respectively. Each
panel presents the spectrum obtained for the two proxies, proxy-MGS-2 (left) and proxy-ACE (right). The values are presented in logarithm of energy
as a function of degree and order (abscissa) and period in days (ordinate).

whole dataset were tested individually. The values for
the 125-day series of MGS and 200-day series of ACE
did not seem to provide any quantitative information,
probably because of the very low SNR (they all led to a
uniform half-space after inversion). Only the SH coeffi-
cients obtained using proxy-MGS-2 (210 days long) were
accurate enough to provide information on the conduc-
tivity, so the final inversion was run on these coefficients
only. Results presented in the following refer to this
dataset.
We present a model with nine layers. Each layer is 180

km thick so the model encompasses the mantle fromMars
surface to its core mantle boundary assumed to be close
to 1,600 km in depth (Rivoldini et al. 2011). The core
conductivity was set constant and equal to a large value
(500 S m−1). The depth of this boundary was tested even
for non-realistic values to infer its influence on results.
A very weak influence on models was observed. In fact,
below 1,300-km depth, the models were no longer sen-
sitive to data. Models with nine layers of 180 km were
calculated, which appeared to be a reasonable compro-
mise between a limited number of parameters, the depth
resolution, and the maximum depth of penetration for
the data used. Figure 4 shows our preferred model using
the SH coefficients restricted to the acceptable set. Dur-
ing the inversion process, all the calculated models were
consistent with each other, meaning that a strong geo-
physical signal was embedded in the SH coefficients,
even when considering the complete dataset. A sensitiv-
ity analysis was run on these models. The conductivity
in each layer was varied to observe the change in the

misfit value. In all models, changing the conductivity val-
ues by approximately 0.5 log unit between 0 and 1,300 km
increased the misfit by approximately 100% (red shaded
area in Figure 4). Below 1,300 km, the data were insensi-
tive to the conductivity structure. Some resulting fits are
presented in Additional file 1. The differences between the
data and model responses were small for the modulus of
the complex coefficient β whereas the phase was poorly

Figure 4 Preferred conductivity profile. Using only physical SH
coefficients for the two time series of 210 days of proxy-MGS. The
shaded area denotes the domain of acceptable values determined
from the sensitivity analysis. Below 1,300-km depth, data are
insensitive to conductivity structure (dashed line). Dark gray areas
denote the range of theoretical conductivity models obtained by
Mocquet and Menvielle (2000), while light gray area denotes the
model constructed by Vacher and Verhoeven (2007).
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resolved. It seems that only the modulus is robustly deter-
mined while the phase is significantly biased by the large
gaps in the data despite the proxies. This is in contrast to
the results obtained by Civet and Tarits (2013) on Earth
data and outlines the importance of data continuity and/or
the quality of proxies in induction studies.
Figure 4 shows an inverted model of electrical con-

ductivity considering only acceptable values of SH coef-
ficients. There is an increase in electrical conductivity
from approximately 0 to 1,200 km followed by a rapid
jump at approximately 1,000 to 1,200 km. This observa-
tion is very stable in the models, even if the depth of the
core mantle boundary is changed to more realistic val-
ues. The resulting profile appears intermediate between
existing models (Mocquet and Menvielle 2000; Vacher
and Verhoeven 2007). Moreover, according to mineral-
ogy models for the Mars mantle (Bertka and Fei 1997),
the olivine/wadsleyite phase transition should occur in the
depth range where a rapid increase in conductivity values
is observed.

Discussion and conclusion
The theoretical studies on the interior electrical con-
ductivity of Mars by Mocquet and Menvielle (2000) and
Vacher and Verhoeven (2007) have shown how conductiv-
ity values vary with key parameters of the mantle, namely
temperature, composition, and iron content. All these
parameters are still not well constrained by the available
geochemical and geophysical data. When our best models
in Figure 4 are compared with the theoretical conduc-
tivity models obtained by Mocquet and Menvielle (2000)
and Vacher and Verhoeven (2007) based on various man-
tle compositions and temperature, we observe that our
conductivity profiles are clearly on the resistive (cold)
boundary of the series of models calculated by Mocquet
and Menvielle (2000). Moreover, the prediction of Vacher
and Verhoeven (2007), taking into account the effect of
a transition zone in the Mars mantle, is confirmed by
our findings. This result suggests that the mineral physics
approach developed by these authors is acceptable for
Mars and could be used to model the mantle composi-
tion. The comparison is very encouraging for pursuing
studies to improve the quality of the Martian EI response
and obtain conductivitymodels as constrained as possible.
Vacher and Verhoeven (2007), Khan and Connolly (2008),
Rivoldini et al. (2011), among others clearly demonstrated
that the best deep interior models are derived frommulti-
parameter joint inversion and that the error bars on the
geophysical parameters are critical to estimate precisely
the various components of the Mars mantle.
The determination of the geometry of the dominant

source field on the nightside of the planet suggests another
direction of investigation. The dominant terms in the SH
of the external magnetic field seem approximately axis-

symmetric with a maximum for l = 2 and m = 0. The
source field might be related to the ion precipitation close
to the polar caps (Dieval and Kallio 2012). These mod-
els would help to explain our external field model at the
period considered (more than 1 day). Further investiga-
tions of the MGS data are also required to investigate the
field at short periods.
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