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Abstract New insights into the chemistry of the Martian crust have been made available since the
derivation of crustal thickness maps from Mars Global Surveyor gravity and topography data that used a
conservative range of density values (2700-3100 kg/m?3). A new range of crustal density values is calculated
from the major element chemistry of Martian meteorites (3100-3700 kg/m?3), igneous rocks at Gusev crater
(3100-3600 kg/m3) and from the surface concentration of Fe, Al, Ca, Si, and K measured by the Gamma-Ray
Spectrometer on board Mars Odyssey (3250-3450 kg/m?3). In addition, the density of mineral assemblages
resulting from low-pressure crystallization of primary melts of the primitive mantle are estimated for
plausible conditions of partial melting corresponding to the Noachian to Amazonian periods

(3100-3300 kg/m3). Despite the differences between these approaches, the results are all consistent with
an average density above 3100 kg/m?3 for those materials that are close to the surface. The density may

be compatible with the measured mass of Mars and the moment of inertia factor, but only if the average
crustal thickness is thicker than previously thought (approaching 100 km). A thicker crust implies that
crustal delamination and recycling could be possible and may even control its thickness, globally or locally.
Alternatively, and considering that geoid-to-topography ratios argue against such a thick crust for the
highlands, our results suggest the existence of a buried felsic or anorthositic component in the southern
hemisphere of Mars.

1. Introduction

Terrestrial planets and some of the largest asteroids are known to be chemically differentiated into a dense
metallic core, a silicate mantle, and a crust [e.g., Ringwood, 1966; Solomon, 1980; Russell et al., 2012]. Such
large-scale chemical differentiation requires one or several sources of energy, such as high-velocity impacts,
or the heat provided by the decay of radiogenic elements, with the physical separation of metal and silicate
phases being driven by density contrasts and gravity forces. With the exception of material at the surface
of partially differentiated asteroids that may escape melting [Weiss and Elkins-Tanton, 2013], the term crust
generally applies to the outermost envelope extracted from the silicate mantle through melting and separa-
tion of solid-liquid phases. This definition encompasses a large spectrum of possible scenarios. For example,
a primary crust may start to form as the result of the crystallization of a magma ocean. Even here, one should
distinguish between crustal rocks formed by segregation of minerals from the magma ocean due to their
density contrast with the liquid (e.g., plagioclase floatation crust and mantle cumulates in the case of the
Moon) and partial melting of upper regions of the mantle as a consequence of mantle overturn, as proposed
for the case of Mars [Elkins-Tanton et al., 2005; Elkins-Tanton, 2012]. A basaltic crust from Mg-rich and Al-poor
mantle cumulate sources would form in the second case. Prolonged crustal growth (secondary crust) is pos-
sible if internal energy is sufficient to maintain the existence of zones of partial melting at depths where
magma is buoyant and to bring fertile mantle into these regions. These partial melts may ascend to the
surface and produce volcanic eruptions or may intrude into the crust, adding in both cases to its volume.
Internal differentiation of the secondary crust through recycling and remelting of its components is referred
to as a tertiary crust [Taylor, 2012]. Early (primary) crustal material, through various mechanisms of recy-
cling into the mantle, may be partially or totally removed, as observed on Earth. Therefore, the age of crustal
materials span the entire range from solar system formation to the present day, but the rocks exposed at the
surface of terrestrial planets offer more or less limited time windows into the history of crustal growth.
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In this respect, Mars has a long and
rich volcanic history [Grott et al., 2013]
but has also preserved old crustal

1 material, exposed essentially in the
o SOUthern hemisphere. The nature of
-8 m these ancient igneous rocks is debated.
ore Initially seen as the components of a
primary crust (magma-ocean related)
[Elkins-Tanton et al., 2005], their com-
position appears now to be compatible
with a period of intense volcanism
(secondary crust) associated with high
(> 18 wt %) degrees of partial melting
of the mantle [Baratoux et al., 2013].
Despite insights into surface composi-
tion and crustal structure provided by
- -8 the Martian meteorites and by remote
L sensing and in situ observations, it is
indeed not known if Mars has preserved
a significant proportion of its primary
(magma-ocean related) crust or if the
crustal growth through the subsequent
addition of partial melts of the mantle
accounts for most of the crustal volume.
In other words, it is not known if Mars
is similar to the Moon or to the Earth in
this respect.
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In addition to chemical and mineralog-
ical data, inversion of geophysical data

Figure 1. (top) Feldspar, pyroxene, and olivine concentration obtained (moment of inertia, average density, or

from CIPW norm for averaged bulk rock chemical composition of

Martian meteorites. (bottom) Observed concentrations of feldspar, gravity field) provides constraints on
pyroxene, and olivine as given by the Martian Meteorite Compendium the distribution of mass in a planet and
[Meyer, 2012]. The comparison confirms that the normative mineral- therefore on crustal thickness and den-

ogy is in reasonable agreement with observed mineralogy for the major sity. However, the number of unknowns
phases. Samples for which the observed normative mineralogy is not
available are shown with reduced intensity to facilitate comparison for .
the others. Samples are arranged by increasing density as given using parameters were estimated and ana-
the CIPW norm. lyzed before strong petrological

constraints were available. As a conse-
guence, conservative assumptions concerning crustal density were generally made. Despite the fact that
Martian meteorites were known to be generally denser than 3200 kg/m? a range of average crustal den-
sity limited to 2700-3100 kg/m3 was preferred [Zuber, 2001; McGovern et al., 2002; Neumann et al., 2004;
Wieczorek and Zuber, 2004; Sohl et al., 2005]. These values were also influenced by a high-silica composition
given by Pathfinder analyses [Nimmo and Tanaka, 2005]. The Martian meteorites were considered to be a
nonrepresentative set of samples of the Martian crust biased toward young ages.

in this approach is large. Geophysical

Ten years later, these hypotheses need to be revisited in light of the newly available constraints. For exam-
ple, the young age of the basaltic shergottites has been contested [Bouvier et al., 2009, 2014] even if recent
studies tend to favor young crystallization ages [Moser et al., 2013; Zhou et al., 2013]. The number of chem-
ical analyses on Martian meteorites has increased significantly since the last survey made by Lodders
[1998], and new samples of Mars have reached our planet [Chennaoui-Aoudjehane et al., 2012]. In addi-
tion, numerous chemical and mineralogical observations on the Martian crust have been made at a variety
of spatial scales [Grott et al., 2013]. We therefore propose a reappraisal of the crustal density of Mars and
argue that the basaltic component of the Martian crust has a density above 3100 kg/m3. If this density

is representative of the entire crust, it would imply a threefold reduction of the density contrast with the
mantle in comparison to previous studies. We then compare these results with geophysical constraints
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Britt et al., 2012]. Given the small
Figure 2. Density of the Martian meteorites estimated from bulk chemistry  masses analyzed, the actual error
and CIPW norm. Samples are arranged by increasing density. Laboratory
measurements [Consolmagno and Britt, 1998; Coulson et al., 2007; Britt et
al., 2012] of grain densities are represented for comparison.
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bars for a given sample are likely to
be underestimated in these studies.
Another approach consists in calcu-
lating the density of the normative
mineralogy inferred from bulk geochemistry [Lodders, 1998; Neumann et al., 2004]. As previously noted by
Lodders [1998], it is shown here that normative mineralogy compares well with observed mineralogy in the
case of Martian meteorites. Therefore, this approach provides a good estimate of the grain density. New
analyses have been made on the Martian meteorites since the normative calculations of Lodders [1998], and
a new compilation of the bulk rock chemistry for the major elements (SiO,, MgO, FeO, Al,0;, CaO, MnO, K, 0,
Na,O, TiO,, and Cr,0;) was made for this purpose.

We then calculated the CIPW norm from individual analysis (up to 10 analyses per samples) and known min-
eral densities from Robie and Hemingway [1995]. The CIPW norms were calculated following the set of rules
given by Hutchison [1975]. The CIPW norm is a tool providing a theoretical mineral assemblage for igneous
rocks that is based on a set of simple mass balance constraints and a limited set of minerals. It may result
in simplified mineral assemblages and compositions and does not provide any information on the possi-
bility for zoned minerals, for example. Despite these limitations, we confirm that the normative mineralogy
is reasonably similar to the actual mineralogy of each sample (when observations are available) (Figure 1).
An average density and standard deviation was then calculated for each sample. When only one chemical
analysis was available, an arbitrary error bar of 100 kg/m?3 was assigned (greater than the error bars on
samples where more analyses by multiple authors are available). The densities are then represented in
increasing order (Figure 2), and the laboratory measurements are shown for comparison. The densities of
Martian meteorites calculated in this way (at 1 bar and 25°C) range from less than 3200 kg/m3 to more than
3600 kg/m? with values around 3300-3500 kg/m? for most of the basaltic shergottites.

An alternative way to obtain a theoretical mineral assemblage from bulk rock chemistry is to simulate equi-
librium crystallization down to the solidus using a thermodynamic calculator such as MELTS [Ghiorso and
Sack, 1995]. Even this approach simplifies the potentially complex history of a given sample that may include
degrees of fractional and polybaric crystallization and/or crystal accumulation, kinetic effects, and subse-
guent alteration. Equilibrium crystallization calculations were performed using the latest optimized version
of the original MELTS software [Gualda et al., 2014]. This version (rhyolite-MELTS) has been developed to
include silica-rich and fluid-bearing systems [Gualda et al., 2014], but it uses the same calibration for basaltic
compositions as the original MELTS calculator [Ghiorso and Sack, 1995], having the advantage of being
numerically more stable [Gualda et al., 2014].

As for the CIPW norm, a comparison of the (average) calculated mineralogy with actual mineralogy is
given (Figure 3). Several densities were calculated using the various analyses for a given sample, and the
average value and its standard deviation were then calculated. The effect of oxygen fugacity on den-
sity was checked by varying the crystallization conditions between 3 log units and 1 log unit below the
Quartz-Fayalite-Magnetite buffer that represents the inferred range of oxygen fugacity conditions for the
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I i The density values were then repre-

sented in increasing order with the

1 laboratory measurements (Figure 4). A
—mem SiMilar range of density is found using
8 this method to that derived from nor-
mative calculations. In detail, an average
difference of 80 kg/m?3 is found between
thermodynamic and normative calcu-
lations (with a standard deviation of

60 kg/m3). The effect of variable oxygen
fugacity is less than a few tens of kg/m3.
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two Mars Exploration Rovers, Oppor-

] tunity and Spirit [Squyres et al., 2003].

° The rover Opportunity has driven more
than 5 km across Meridiani Planum. It
has mainly investigated sedimentary

Figure 3. (top) Feldspar, pyroxene, and olivine concentration obtained rocks, such as sandstones composed

calculated with MELTS assuming equilibrium crystallization with oxy- of sulfates, hematitic-rich concretions,

gen fugacity 2 log units below the QFM buffer. (bottom) Observed
concentrations of feldspar, pyroxene, and olivine as given by the Mar-
tian Meteorite Compendium [Meyer, 2012]. Samples are arranged as in produced by the alteration of an olivine

Figure 1, by increasing density, as given by the CIPW norm. Samples for  basalt [Squyres et al., 2006]. The bulk

which the obs.erved.normati\./.e mineralogy. is not available are shown crust of Mars being largely dominated
with reduced intensity to facilitate comparison for the others.
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and a matrix of fine-grained siliclastics

by igneous material; these observations
are not directly relevant to our objec-
tive, with the exception of Bounce rock, a loose rock having affinities with lithology B of the shergottite
meteorite EETA79001 [Squyres et al., 2006; Zipfel et al., 2011]. The second rover, Spirit, landed on a volcanic
unit in the floor of Gusev crater dominated by olivine-bearing basalts [Arvidson et al., 2006]. The felsic rocks
measured by Pathfinder [Briickner et al., 2003] and the first chemical analyses at Gale crater [Stolper et al.,
2013; Schmidt et al., 2014] are also included for comparison with MER data.

As with Martian meteorites, these data provide a very restricted sampling of the potential diversity of crustal
igneous rocks. However, while Martian meteorites have Amazonian or Noachian crystallization ages, some
rocks analyzed on the floor of Gusev crater (Adirondack-class basalts) were formed during the Hesperian
period [Greeley et al., 2005], therefore providing potential insights into density variations with time.

No direct in situ density measurements were performed by the Athena science payload. However, the bulk
composition of rocks are provided by an Alpha Particle X-ray Spectrometer (APXS) [Ming et al., 2008]. In
addition, iron-bearing minerals were detected by a Mdssbauer spectrometer [Morris et al., 2006, 2008] and
iron-bearing or iron-free major phases were characterized by a Miniature Thermal Infrared Spectrometer
(Mini-TES) [Ruff et al., 2006]. Bulk rock chemical compositions may be recast into normative mineralogy,
from which an estimate of the pore-free density may be calculated. McSween et al. [2008] have shown that
normative olivine, pyroxene, and feldspar proportions and compositions calculated from APXS data are
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Figure 4. Density of the Martian meteorites estimated from bulk chemistry
and calculated equilibrium crystallization with MELTS [Ghiorso and Sack,
1995]. Sorted are arranged as in Figure 2 (increasing density, as given using
the CIPW norm). Laboratory measurements from Consolmagno and Britt
[1998], Coulson et al. [2007], and Britt et al. [2012] of grain densities are
represented for comparison.

consistent with the MINI-TES spec-
troscopic constraints. As the relative
abundances of these three major
phases control the density value, a
similar approach has been applied
here to the rocks cleaned with the
Rock Abrasion Tool (RAT) or “RAT-ed”
rocks. The density from each APXS
analysis is calculated, as for the Mar-
tian meteorites, using mineral density
values at standard conditions [Robie
and Hemingway, 1995]. Errors on
density values are calculated from
the propagation of estimated APXS
errors for major oxides (SiO,, TiO,,
Al, 05, Ca0, MgO, FeO, K,0, TiO,,
and Cr,05). In detail, a population
of bulk compositions has been gen-
erated for each sample, assuming
the random errors on the major
oxides are independent and follow a
Gaussian distribution.

However, our objective was not to reproduce the mineralogy of individual samples, but rather to explore
the range of possible densities of crustal rocks from the diversity of compositions observed at Gusev (and
Bounce rock from Meridiani). Surface rocks are often altered, more or less oxidized, and include a variable
amount of volatile species, determined by the initial conditions of formation and the subsequent history

w
o) -
3 I Fe3t/Fer=0.1
)
o
B Fe3t/Fer=09 £
gE el
8 & 3
r 23 5 8
g 230 ®
I . 25373
> 4 28 % 3
g 8 582 @y
@ g fzzxzss N
B = 5 25 %358
o 5 }m:méao:l
) S g§833%3°
03288388 3%
S8 3 2 3 2228
L §8¢ 2235281 |
— pg o a5 HES ..
™ g8 c2s _~an
= 3 x2858& .. I
S gg8ds [ 1
2 co-guiER gHE
= 2290032
'u%gg:ull I
2 Rz 353 L
Y (DO'D'U%
2w 23 &8 [ |
S ™ cxs3 3 M N
[ §3 22 °
oS 287 n -
=] ese u
L ;ggl 4
5B
o =
_ @
= =
53
L%’:Q
DN
,§.\,:- |
- = [} —
oa
oI

Samples arranged by increasing density

Figure 5. Density of igneous rocks at Mars Pathfinder landing site

(MPF soil-free rocks), Gale crater (Jake Matijevic, Bathurst Inlet, Et Then,
Rocknest 3), Meridiani (Bounce rock), and Gusev crater (all others data)
estimated from CIPW norm and APXS S-free and Cl-free measurements.
Rocks were cleaned using the Rock Abrasion Tool of the Mars Explo-
ration Rovers for Gusev Crater and Meridiani. Density is calculated for two
extreme conditions of oxidations.

of fluid-rock interactions. The con-
centration of volatile species and
the Fe3*/Fe; ratio measured at the
surface are not necessarily represen-
tative of unaltered subsurface rocks
and may induce a bias in the calcu-
lated densities with respect to their
unaltered counterparts. Sulfur and
chlorine in Gusev rocks may be the
result of condensation of volcanic
exhalations or alternatively included
in secondary minerals that precip-
itated from fluids [McSween et al.,
2008]. In the first case, sulfur and chlo-
rine should be subtracted as SO; and
Cl, whereas accompanying cations
should be removed in the second
case (e.g., MgSO,, NaCl). The com-
parison of norms obtained assuming
precipitation of secondary miner-
als with spectroscopic constraints
reveals several problems [McSween
et al., 2008]. Sulfur and chlorine were
therefore removed as SO; and Cl
before calculating their normative
mineralogy. The removal of these
two elements does not affect the
density calculations by more than
10 kg/m3. On the other hand, the
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Figure 6. Ratio of selected chemical elements (in oxide wt %) in Martian meteorites. Chemical trends are given for the
basaltic shergotties. Bulk compositions are from the Mars Meteorite Compendium [Meyer, 2012]. Least squares adjust-

ment for each trend is reported (with error bars) and displayed as dotted lines (measurements with K,0 < 0.6 wt % are
excluded for the calculation of the P,05/K; 0 ratio.

Fe3*/Fe; molar ratio measured by the Mssbauer spectrometer varies from < 0.2 for nearly unaltered rocks
(e.g., Adirondack) to 0.6-0.9 for pervasively altered samples [Morris et al., 2006]. The Martian crust should be
dominated by unaltered rocks, with Fe3*/Fe; < 0.2. In order to illustrate the maximal influence of this param-
eter, the density calculations were performed for two values of the Fe3*/Fe; ratio, of 0.1 and 0.9. The results
are shown in Figure 5. Density values for basaltic samples (including Bathurst at Gale crater) range from
3100 kg/m?3 to about 3600 kg/m3 with a cluster at 3200-3300 kg/m3. Such a range of values is very similar
to that inferred from the Martian meteorites. The only exceptions are Pathfinder felsic rocks and the Al-rich
mugearite Jake_M at Gale that are significantly less dense than the basalts. Differences due to variations in
oxidation state are smaller than 50 kg/m3, even for the large range of conditions considered here.

3.2. Density From Geochemical Maps

Another source of information on crustal composition, and therefore density, is given from the Gamma-Ray
Spectrometer (GRS) data on board Mars Odyssey [Boynton et al., 2007]. Five degree resolution maps were
released of the concentration of five rock-forming elements, Fe, Al, Ca, Si, K, and Cl, within the first tens of
centimeters below the surface. The calculation of rock density from these data requires several assumptions
that are presented below and discussed in the following paragraph.

The oxygen concentration is not measured, and the concentration of each chemical element is therefore
converted into its oxide wt % assuming that all iron is in the Fe*? oxidation state. It is likely that superfi-
cial material includes a soil/dust fraction with a proportion of volatile elements (Cl, S, and H,0) that are not
equally abundant in the deeper crust, and the wt % oxides were therefore normalized to a Cl-free and H,O
free composition. As seen before for the Martian meteorites, sulfur has little influence on the bulk density
and is neglected. In any case, preliminary sulfur concentrations at the surface provided by GRS observations

BARATOUX ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1712



@AG U Journal of Geophysical Research: Planets 10.1002/2014JE004642

Table 1. Ratios of Incompatible Elements in Basaltic Shergottites®

Ratio Na,O/TiO,  TiO,/P,0s  MnO/FeO  P,0s/K,0
SNC 1.374 1.151 0.025 4.297
Error (15) 0.337 0.265 0.001 0.939
Other studies 1.55P 1.17¢ 0.02564

@Ratios obtained by previous studies (from a smaller set of samples)
are indicated for comparison.

bTreiman et al. [1986].

CTreiman [2003].

dDreibus and Winke [1985].

[King and McLennan, 2010] are associated with large error bars. Small quantities of sulfur in the form of sul-
fates or sulfides are present in the Martian crust. However, sulfates deposits are superficial and would not
affect the average density of the Martian crust (see discussion below on the roles of secondary phases) and
the small amount of (dense) sulfides in igneous rocks has little influence on bulk rock density. Chromium is
generally below 1 wt % and was also neglected.

The abundance of one major element, magnesium, is unknown. In addition, the abundance of Na, Ti, P,

Cr, and Mn that generally accounts for about or less than 10 wt % of a basaltic rock is not available. TiO,,
P,05, MnO, and Na,O have, to first order, an incompatible behavior during partial melting and/or crystalliza-
tion, and it is of note that P,0,/K,0, Na,O/TiO,, MnO/FeO, and TiO,/P,0; ratios are approximately constant
when considering the group of basaltic shergottites (Figure 6). The average values of these ratios and their
standard deviations in basaltic shergottites are given in the Table 1. The table includes ratios from previ-
ous studies using a smaller set of samples for comparison. The surface abundances of TiO,, P,O5, MnO, and
Na,O may be therefore estimated using the average values of these ratios in the basaltic shergottites and
the measured K, O surface concentration from GRS. Assuming that the sum of all major elements is 100%
of which only MgO is unknown, a map of magnesium concentration can then be derived (Figure 7). A nor-
mative (CIPW) mineralogy, following the same rules as for the other chemical data sets, is then calculated.
This exercise produces mineral assemblages dominated by plagioclase, olivine, and the frequent occur-
rences of two pyroxenes, in overall agreement with visible and near infrared observations. For each pixel of
the map, the density of each assemblage is calculated from mineral densities at 25°C and 1 bar [Robie and
Hemingway, 1995].

0.000 5.000 10.00 15.00 20.00 25.00

Calculated MgO (wt%)

Figure 7. Concentration of MgO at the surface of Mars calculated by difference from GRS geochemical maps for FeO,
Al,03, Cao, Si0,, K,0 and elemental ratios in Martian meteorites for other major oxides (P,0s, TiO,, Na,O, MnO). The
dotted white line represents the dichotomy boundary defined from crustal thickness [Watters et al., 2007].
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Figure 8. (top) Density map of surface rocks estimated from CIPW norm using GRS geochemical maps of FeO, Al,03,
Ca0, SiO,, K,0, and constant ratios in Martian meteorites for other major oxides (P,0s, TiO,, Na,O, MnO). Black/white
circles correspond to locations where felsic/anorthositic rocks have been possibly identified using spectroscopic data
[Carter and Poulet, 2013; Wray et al., 2013] or have been documented by in situ analyses (Gale crater) [Sautter et al., 2014].
(bottom) Formal error on the density map associated with the error bars on the elemental ratios. The dotted white line
represents the dichotomy boundary defined from crustal thickness [Watters et al., 2007].

The density map of surface rocks estimated following this approach is shown in Figure 8, and the corre-
sponding histogram of densities is given in Figure 9. Variations in the density map principally reflect the
estimated proportion of mafic minerals relative to feldspar. Higher-density regions are mostly in Hesperian
and Amazonian volcanic units. Lower density regions are found in the Noachian crust around the Hellas
and Argyre basins, and in the chaotic terrains. It is of note that these locations correspond to places where
Noachian Fe-plagioclase/anorthosites have been identified using Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) orbital data [Carter and Poulet, 2013; Wray et al., 2013] (with the exception of the
site in Syrtis Major that is likely related to minor volumes of evolved magmas following igneous differentia-
tion). Gale crater, where feldspar-rich material and evolved magmas have also been identified in situ by the
Curiosity rover [Sautter et al., 2014], also belongs to the low- density regions of the map.

The validity of this approach has been tested using the Martian meteorites. Assuming that Fe, Al, Ca, Si, and
K are the only known elemental concentrations for the meteorites, the other elements were calculated using
average ratios, as for the GRS data, and the MgO was calculated by difference. The modal abundances for
pyroxene, olivine, and feldspar calculated in this way agree well with modal abundances calculated using
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Figure 9. Histogram of density values obtained from CIPW norm on GRS
chemical maps and constant element ratios for the other major oxides
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the known composition of each
sample (Figures 10a-10c). Since the
relative modal abundances of these
phases is the primary factor con-
trolling the density, the density of
Martian meteorites calculated with a
limited set of elements (and constant
ratios for the other major elements)
agrees well with their density cal-
culated from the entire set of major
elements (Figure 10f). The Mg# cal-
culated by this approach show larger,
but acceptable differences with the
actual Mg# (up to 10) of each sam-
ple (Figure 10e). Modal abundances
of oxide minerals are, however, not
reproduced correctly (Figure 10d).
This is likely due to the absence of Cr,
errors on Ti, and to the redistribution
of iron between silicates and iron
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Figure 10. Modal abundances for (a) olivine, (b) feldspar, (c) pyroxene, (d) oxides (d), (€) Mg#*100 , and (f) grain density,
calculated from FeO, Al,03, Ca0, SiO,, and K,0 concentrations completed using, as for GRS data, constant ratios for the
other oxides concentrations (P,0s, TiO,, Na,O, MnO) (y axis) versus calculations from the actual chemical composition

of each sample (x axis).
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oxides as a result of the error on the inferred
Mg#. However, given the small contribution
of oxide minerals to the bulk density, this
source of error does not affect our conclusions
regarding density results.

Table 2. Composition of a Global Soil/Dust Material (wt %)

Oxides Si0, Ca0 ALO; FeO K,0 SO3
Abundance 450 70 100 180 04 50

There are several (potentially large) sources of uncertainties in the above calculation, including the GRS ele-
mental abundances, the amount of oxygen (oxidation state), the average abundance of volatile elements

in the crust relative to superficial material (including the unknown abundance of sulfur), and the error bars
on P,0,/K,0, Na,O/TiO,, MnO/FeO, and TiO,/P,0 ratios that propagate into the concentration of MgO.
Some of these sources of errors may be examined and quantified in more detail. The P,05/K,0, Na,O/TiO,,
MnO/FeQ, and TiO,/P,0; ratios are varied according to their standard deviations assuming a Gaussian dis-
tribution, and a density map is calculated for each set of ratios. A formal error bar is then given for each pixel
of the map from the standard deviation of density values (Figure 8), from which errors up to 60-80 kg/m?3
were obtained. Errors due to GRS measurements have been estimated in the same way, which adds another
25-80 kg/m?3 uncertainty.

The inferred Mg concentration of the crust (Figure 7) may be also examined. A large fraction of the Martian
surface would have a Mg# between 40 and 70, as expected for an igneous crust extracted from a mantle
with a Mg# of ~ 75, consistent with the value estimated by Dreibus and Winke [1985]. This should be con-
sidered as a surprisingly good result given the limitations of our approach. However, a few Planitiae of the
northern hemisphere, including Isidis, Elysium, Chryse, and Acidalia Planitia would have a Mg# less than 40
suggesting that elemental ratios for incompatible elements have been perturbed by postmagmatic pro-
cesses such as aqueous alteration [Taylor et al., 2006]. The widespread occurrence of more evolved magmas
for which elemental ratios inferred from basaltic material would not apply is an alternative possibility, but

is not really supported by independent (e.g., spectral) observations. The high wt % of MgO in a restricted
region in the south of Tharsis is at odds with the small degree of partial melting inferred from iron and silica
and expected for Amazonian volcanism [El Maarry et al., 2009], suggesting the presence of another element.
In any case, our approach is not considered valid for regions with anomalously low or high Mg# and the cor-
responding density calculations (which actually remain in the range of values calculated elsewhere) should
not be considered valid.

The effect of neglecting the presence of a homogeneous soil component in superficial material may also be
tested. A density map is calculated after removing a soil component of measured abundances, wt % oxides
being normalized to a Cl-free, H,0, and S-free composition. The soil composition for this exercise is given in
Table 2. The effect on the density calculation of removing up to 30 wt % of a soil component remains small
(below 50 kg/m3). Finally, we note that assuming all iron is in the ferrous state (Fe?*) leads to a calculated
density that is about 20 kg/m? higher than in the case of a Fe3*/Fe; ratio of 0.2.

In conclusion, and despite the large errors that are inherent in using GRS data to estimate pore-free den-
sities, the obtained density values are in the range of 3200-3450 kg/m3 and systematically above the
previously proposed crustal density values of 2700-3100 kg/m3. Lower density values would occur in the
Noachian crust with a difference of ~100 kg/m3 compared to Hesperian or Amazonian material. We note
that this difference of density is consistent with the difference in elevation of the southern highlands under
the assumption of Pratt isostatic compensation [Belleguic et al., 2005].

4, Partial Melts of the Primitive Mantle

Further insights into the average density of the Martian crust are provided by considering the genetic link
between the crust and the primitive Martian mantle. Regardless of the internal complexity of crustal struc-
ture and its degree of chemical heterogeneity, the bulk chemical composition of the secondary crust is the
result of partial melting of a mantle source. A simple approach to estimate the bulk chemistry of secondary
crustal material is to calculate the composition of melts extracted from a primitive mantle composition such
as that proposed by Dreibus and W¢inke [1985] (noted DW85). Application of this approach has been suc-
cessful in reproducing chemical and mineralogical remote sensing observations [Baratoux et al., 2011, 2013]
such as variations in time of the bulk chemistry (Si, Fe, Th) and the relative abundance of high-calcium and
low-calcium pyroxene related to mantle cooling over time.
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Figure 11. Density of crustal rocks estimated from equilibrium
crystallization at the surface of primary melts of the Martian
primitive mantle. Primary melts are calculated assuming equilib-
rium at the base of the lithosphere; conditions of partial melting
are defined by pressure and mantle potential temperature
[Baratoux et al., 2013]. Oxygen fugacity is 3 log units below the
QFM buffer for melting [Herd et al., 2002] and 2 logs units below

However, this simple scenario of partial melt-
ing of primitive mantle to form the Martian
crust contrasts with the message from isotopic
studies and the rare earth element chemistry
of the basaltic shergottites that indicates the
existence of distinct mantle chemical reser-
voirs [Grott et al., 2013, Mezger et al., 2013, and
references herein]. Various processes, includ-
ing the early formation of distinct geochemical
reservoirs after magma ocean crystallization or
formation of depleted residues following pro-
duction of crustal material during the Noachian
and Hesperian, could lead to the formation of
a heterogeneous mantle. Evidence for a pre-
served primitive mantle reservoir is debated.
Phase equilibrium experiments performed

on a synthetic analog of the Adirondack-class
basalts at Gusev by Monders et al. [2007] is con-
sistent with the existence of a primitive mantle
reservoir. This result that has been later ques-
tioned by Filiberto et al. [2008] as Humphrey
(one of the Adirondack-class basalts) appears

the QFM buffer for surface conditions. Labeled solid lines indi- to be saturated with olivine and pigeonite (but
cate the corresponding degree of partial melting. Dotted lines
are possible thermal scenarios for the evolution of the Martian
mantle from (right) the Noachian to (left) the Amazonian as
given by Baratoux et al. [2011, 2013].

not orthopyroxene). However, Filiberto et al.
[2010] shows that Fastball, another basaltic rock
at Gusev crater, is saturated with olivine and
pyroxene and would be therefore in equilib-
rium with the primitive Martian mantle. While
most of the lavas formed during the Hesperian could have been produced from a primitive source, the situ-
ation may be more complex for young lavas [Baratoux et al., 2011], including, if they are indeed young, the
basaltic shergottites. Thus, if the vast majority of the (secondary) crust was made at or before the Hesperian,
calculation of partial melts of the DW85 composition is a valid approach.

The compositions of primary melts of the DW85 primitive mantle composition as a function of pressure and
mantle potential temperature (T,) were therefore estimated using the pMELTS thermodynamical calculator
[Ghiorso et al., 2002] corrected for application to the iron-rich Martian mantle [El Maarry et al., 2009]. Grids
calculated between 10 kbars and 17 kbars with 0.5 kbars steps and between T, = 1350 °Cand T, = 1500°C
with 1°C steps were already calculated in Baratoux et al. [2011] for an oxygen fugacity set to 3 log units
below the QFM buffer, and the same grids were used in this study. These temperature and pressure condi-
tions correspond to variable degrees of partial melting ranging from 2% to about 34% that cover the range
of estimates using in situ compositions [e.g., Monders et al., 2007; Filiberto et al., 2010] or Martian meteorites
[e.g., Musselwhite et al., 2006]. The crystallization products of these liquids at surface conditions (1 bar, and
oxygen fugacity 2 log units below the QFM buffer) were then determined using rhylolite-MELTS [Ghiorso
and Sack, 1995; Gualda et al., 2014] that has been tested for Martian composition [Balta and McSween, 2013].
The density of the mineral assemblage obtained at the solidus temperature was then calculated at 25°C
for direct comparison with the other results presented in this paper (assuming a thermal expansivity of
25x 107> K™).

The densities of mineral assemblages resulting from surface crystallization of primary mantle melts are rep-
resented in Figure 11 as a function of mantle potential temperature and pressures of formation. Primary
melts extracted from large degrees of partial melting and/or equilibrated at shallow depths are relatively
enriched in silica, resulting in a larger concentration of plagioclase and therefore a lower density relative
to melts from small degrees of partial melting at large depth that would form dense olivine-rich assem-
blages at the surface. Episodes of crustal growth may correspond to evolving conditions of partial melting.
The thermal scenario proposed by Baratoux et al. [2011, 2013] based on changes in chemistry and mineral-
ogy of volcanic material with time is indicated as dotted lines in the potential temperature-pressure space
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(Figure 11). For an increase of the lithosphere thickness with time, a change in volcanic rock density with
age is expected with older crustal components having a lower density associated with a lower (olivine +
pyroxene)/feldspar ratio.

In conclusion, the consideration of a genetic link between the basaltic crust and the primitive mantle of
Mars suggests that most plausible densities would range from 3100 to 3200 kg/m3. Density values below
3000 kg/m?3 would be obtained exclusively in the case of low-pressure formation of low-degree partial melts.
Such conditions are far from the thermal scenario constrained by geochemical proposed by Baratoux et al.
[2011]. In addition, they are certainly not the ones expected during the early stages of Mars, where intense
volcanism would have been responsible for a large fraction of the basaltic component of the crust.

5. Discussion

5.1. Validity of the Extrapolation to the Entire Crust

Several important factors limit extrapolation of our density values estimated for the surface (remote sensing,
in situ observations) or the near subsurface (Martian meteorites) to the entire crust of Mars. For example,

a porosity of 10% reduces the bulk density from 3200 kg/m3 to only 2880 kg/m3. Comparison of the den-
sity of Apollo samples, lunar meteorites, and densities inferred from surface chemical observations with
bulk crustal densities inferred from the GRAIL (Gravity Recovery and Interior Laboratory) mission indicates a
porosity for the upper few kilometers of the lunar crust up to 20% with an average value of 12% [Wieczorek
et al., 2013]. For the case of the Moon, the low surface gravity, the absence of lithification processes, the
continuous gardening and fracturing of the crust by impact events, and most importantly the absence of
viscous deformation at low temperatures [Wieczorek et al., 2013] offer various explanations for such high
porosity values. We cannot definitively exclude that such a high porosity value also applies to the Martian
crust; however, the higher-pressure gradient, the potentially larger crustal temperatures, and evidence

for abundant effusive volcanic activity (except in the case of vesiculated basalts) argue for lower values

of porosity. In addition, while the pores of lunar rocks does not contain any material, the porosity of the
Martian crust may be filled by volatile species (including water/water ice), reducing the effect of crustal
porosity on density. For instance, a 12% porosity reduces the density from 3200 kg/m? to 2816 kg/m?3, but to
only 2926 kg/m? if the porosity is filled with H,O.

Sedimentary or locally altered material in aqueous environments, including hydrous clays and
sulfate-bearing rocks represent another possible low-density component of the Martian crust. While these
deposits appear to be widespread in the Noachian crust [Ehimann et al., 2013; Carter et al., 2013], they
should not extend to large depths. The absence of clays in the ejecta of large impact craters confirms that
deep materials (> 1 km) are generally clay poor [Barnhart and Nimmo, 2011]. Even in the presence of a 1 km
thick sedimentary deposit, a simple calculation shows that the presence of sedimentary material cannot
affect the average density of the crust by more than a few tens of kg/m?3.

The major issue regarding the extrapolation of surface rock density to the entire crust is finally the fact
that the diversity of the available compositions of igneous material might not be necessarily representative
of the average density of the bulk igneous crust [McCubbin et al., 2008; Filiberto et al., 2014]. If crustal growth
resulted from progressive surface accumulation and intracrustal emplacement of extracted mantle melts,
the crustal density profile may be comparable to that of the terrestrial oceanic crust. As the changes in
density of the oceanic crust are mostly related to changes in porosity, degree of alteration, and metamor-
phic grade [Carlson and Herrick, 1990], we may also expect similar (but smaller) positive density gradients
with depth. The presence at depth of pyroxene and olivine-rich cumulates (as suggested by the Martian
meteorites sample collection) would also induce a positive density gradient with depth.

Alternatively, anorthositic material could represent a hidden low-density primary component of the ancient
crust (highlands). A low-density crustal component is consistent with the suggestion of Belleguic et al. [2005]
that the difference in elevation of the southern highlands is partially due to a Pratt compensation of its lower
density relative to Hesperian or Amazonian volcanic material. Regional low-density values in the range of
2500-2900 kg/m3 have also been obtained for regions in the highlands from localized gravity/topography
admittance and correlation spectra [McGovern et al., 2004]. Anorthositic terrains or felsic rocks are rare on
Mars but have been identified from visible/near-infrared spectroscopy [Carter and Poulet, 2013; Wray et

al., 2013], and feldspar-rich rocks have been also identified by Mars Pathfinder [Briickner et al., 2003] and
recently at Gale Crater by the Curiosity rover [Sautter et al., 2014].
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Such outcrops could be either remnants of an ancient anorthositic crust (similar to the Moon) or the result
of local igneous differentiation of plutonic bodies. The latter interpretation is largely favored as Mars should
not have the required conditions for the formation of a plagioclase floatation crust [Elkins-Tanton et al.,
2005]. However, based on the preceding discussion, and the absence of abundant light material at the sur-
face, low average density values for the Martian crust could be the result of a felsic or anorthositic crustal
component that has been entirely or partially buried by volcanic material of basaltic composition in the
late Noachian or Hesperian eras. In this respect, the correlation between the rare identified outcrops of
felsic/anorthositic material and the largest concentration of feldspar inferred from GRS measurements

and CIPW norm could reflect areas where this component is in the near subsurface, and/or excavated

by impact craters. The density map from GRS data may then guide the search of additional feldspar and
quartz-bearing rocks that would help us to understand the frequency and distribution of this material in the
Martian crust. A crustal structure composed of dense basaltic lavas overlying felsic material would imply that
ascending basaltic magmas have been able to overcome the density barrier generated by the low-density
felsic crust, which is not an insuperable problem as indicated by the case of mare volcanism on the Moon.
Indeed, pMELTS calculations indicate that the density of primary mantle melts at the liquidus ranges from
2700 kg/m?3 for melts equilibrated at shallow depth (1 GPa) up to 2850 kg/m?3 for melts equilibrated at

1.7 GPa that is close to the density of anorthositic material. Finally, the possible presence of a buried
anorthositic crust would challenge current understanding of magma ocean crystallization scenarios in the
inner solar system as the conditions for a floatation crust are thought to occur in the case of the Moon and
Mercury, but not in the case of Mars [Elkins-Tanton, 2012].

5.2. Is a Dense Crust Compatible With the Moment of Inertia and Average Density of Mars?

Spherical models of the internal structure of Mars are essentially constrained by the average density of Mars
and by the average moment of inertia factor [Sohl et al., 2005]. The tidal potential Love number k, is not sen-
sitive to the density of the Martian crust [Sohl et al., 2005] and will not be considered here. These calculations
have generally considered a low-density crust (2700-3100 kg/m?3). It is therefore necessary to determine if a
dense crust is compatible with these constraints and to explore the implications for crustal thickness as well
as for core radius and density.

For this purpose, the structure of Mars is approximated by a three-layer model, the crust, the mantle, and the
core. The possible, though unlikely [Khan and Connolly, 2008], existence of a perovskite layer above the core
is neglected as it should have only a small effect on the moment of inertia factor. As the average density of
Mars is known with high accuracy (3935 + 0.0004 kg/m3 from Esposito et al. [1992]), the model is considered
to have five free parameters, the mantle radius r,,,, equal to the radius of Mars (R) minus the crustal thick-
ness, the crustal density p.,, the mantle density p,,,, the core radius r.,, and the core density p.,. In Sohl et al.
[2005], the mantle was treated as a layer with constant density. This contrasts with the seminal paper of Soh/
and Spohn [1997] that suggested the existence of a thick basaltic crust (100-250 km) from a more sophisti-
cated model of the internal structure including compression and thermal expansion. Indeed, the pressure
gradient between the upper and lower mantle leads to substantial variations of density that significantly
affects the moment of inertia. The consequence of neglecting the density gradient in the mantle will be
discussed later. A linear dependence of mantle density with depth is introduced here:

pm(=ar+p (m

where the density gradient in the mantle is fixed. With these settings, the average density of Mars is
given by:

r 3 r 3 3a r 3
p=patro () +(B) G-t oms (i =rt) =5 () . el
and the moment of inertia factor of this spherical object is given by
/ _ 2 | Pcr o > pco_ﬂ I'm > ﬂ_pcr a 6 6
MR2 ~ 5 p+(R>< p >+<R> p +3pR5(rm rco)' (3)

Equation (2) may be rewritten to express the core density as a function of the other free parameters
(Fps Pers B AN 1)
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Figure 12. Acceptable solutions for core radius and crustal thickness based on a moment of inertia factor of 0.3635 +
0.0012 and an average Mars density of 3935 kg/m3. Corresponding average mantle densities are presented by solid or
dotted black lines. The range of acceptable solutions for each mantle density (given the error bars on the moment of
inertia factor) is delimited in grey. (left) The calculation neglects any density gradients within the mantle. (right) The
calculation assumed a density gradient of 0.352 kg/m3 per km in the mantle, based on Khan and Connolly [2008].

Equations (2) and (3) imply that the space of solution is three-dimensional (one parameter among r,,, p,, f,
and r., could be represented as a function of the three others).

In principle, additional constraints to this calculation may be conceived as the thickness of the crust, its den-
sity and the density of the residual mantle are petrogenetically related. Qualitatively, a thicker crust implies
more extensive mantle melting, and therefore a lighter residual mantle (a few tens of kg/m3). However, this
effect is relatively small and the quantitative relation between the three variables is not unique as it depends
on the details of crustal extraction (e.g., extent of melting with depth and degree of partial melting dur-
ing the different episodes of crustal growth). Predictions could be made using pMELTS in the framework

of a given scenario for crustal growth, but even in this case, errors on the relative stability of pyroxene and
olivine at high pressure (above 1.5 GPa) precludes a precise estimation of the density of the residual mantle.
It is therefore not recommended at this stage to include quantitative crust-mantle relationships based on
petrological considerations in a more general inverse model. In practice, the 3-D subspace of solutions may
be found by direct exploration of a four-dimensional space with reasonable bounds for r, r,,,, o, and g (or
any other parameters representing the mantle density structure). In order to directly compare our results
with Sohl et al. [2005], the average mantle density may be varied whereas f§ is related to the average mantle

density through:
pepm- (e )
T\ e )
m co

We recall here that Sohl et al. [2005] concluded from their calculation (with a constant density for the mantle)
that the mantle is less dense with smaller iron content than previously thought.

A two-dimensional graph (crustal thickness versus core radius) for each crustal density may be used to rep-
resent the solutions (Figure 12). For a given average mantle density, acceptable values of crustal thickness
and core radius appear as a domain delimited by the upper and lower bounds of the mean moment of
inertia factor (0.3635 + 0.0012 as in Sohl et al. [2005]). The corresponding core densities are then overplot-
ted with labeled contours. Figure 12 shows the effect of omitting the density gradient in the mantle. Other

BARATOUX ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1720



@AG U Journal of Geophysical Research: Planets 10.1002/2014JE004642

Crustal density = 3000 kg/m® Crustal density = 3100 kg/m®

o_—" 1 140
— 120f E =120 T
£ & -
% 100F % 100F
3 ° . 2690 3
£ 80F S 8ol
L2 ©
= =
= e0- 4 = e0F
8 3
3 sl ] S 405 _o® .
S 600 S /rb
2
20 4 20 < ]
0 ‘ A ‘ 0 ‘ ‘ Kt ‘
1400 1450 1500 1550 1600 1650 1700 1750 1400 1450 1500 1550 1600 1650 1700 1750
Core radius (km) Core radius (km)
Crustal density = 3200 kg/m® Crustal density = 3300 kg/m®
1405 E 140 R
—~ 120 7 — 120} 0
€ £ -
=3 53 &
5 1000 E - 100F / ]
%] 173 .
[9) o .
S 80f b S 8of 5 b
kel S o i
£ £
3 80 ) 3 00
7] o0 o 17} &
2 40 B 2 40 E
S S “
¢ S
20[ ey E 20F & 4
obi vl A [ ol AN
1400 1450 1500 1550 1600 1650 1700 1750 1400 1450 1500 1550 1600 1650 1700 1750
Core radius (km) Core radius (km)

Figure 13. Considering a moment of inertia factor of 0.3635 + 0.0012 and an average density of 3935 kg/m?, the average
mantle density as a free parameter and four different values of crustal densities from 3000 to 3300 kg/m?, the acceptable
solutions for the core radius and crustal thickness are represented. The corresponding average mantle densities are
presented by solid or dotted black lines. The range of acceptable solutions for each mantle density given the error bar on
the moment of inertia factor is delimited by a grey area. A density gradient of 0.352 kg/m3 per km in the mantle, based
on Khan and Connolly [2008], is used in all calculations.

assumptions are identical between this study and Sohl/ et al. [2005]. Core radius is represented as a fraction of
the planetary radius allowing a direct comparison with Sohl et al. [2005]. A density gradient of 0.352 kg/m3
per km has been used in the calculation [Khan and Connolly, 2008] and is in agreement with high-pressure
experiments for a primitive Martian mantle composition [Bertka and Fei, 1997, 1998]. Neglecting this effect
implies a change in mantle density of about 80 kg/m3. This comparison invalidates the conclusion of Sohl et
al. [2005] regarding the lower density and lower iron content of the mantle, if crust thickness and core size
are specified. An iron-rich Martian mantle is therefore perfectly consistent with the mass and moment of
inertia factor.

Figure 13 represents a broader exploration domain for crustal density and crustal thickness in comparison
with previous studies (up to 3300 kg/m? and 200 km, respectively). These results imply that solutions with

a high crustal density do exist and do not require any exotic values for core and mantle densities. In these
calculations, the average mantle density is a free parameter. For the purpose of comparison with regional
analysis of the gravity field that is sensitive to the density contrast at the crust-mantle interface, one can also
perform similar calculations with the mantle density at the crust-mantle interface as a free parameter. In this
case, the parameter f is related to the density of the mantle beneath the crust (p,,(r,,)) by

ﬂ = pm(rm) - arm' (6)

The results of the calculations are presented in Figure 14. The main implication is a reduced density contrast
at the crust-mantle interface when considering a higher crustal density. Note that a higher density of the
crust is easily compensated for by an increase of the core density and/or size to match the moment of inertia
factor. While Khan and Connolly [2008] suggest a light core with high sulfur content (> 20 %), our higher
density value for the core suggests a lower sulfur content that is more compatible with geochemical models
of the Martian interior (Sulfur content of 14 wt %) [Dreibus and W¢éinke, 1985].

5.3. Is a Dense Crust Compatible With the Gravity Field of Mars?

Gravimetric methods have been used previously to constrain crustal thickness and density. Such inversions
are generally nonunique with a noted tradeoff between these parameters. Using the measured ratio of the
geoid and topography, it is possible to estimate the thickness of the crust, under the assumption that the
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Figure 14. Considering a moment of inertia factor of 0.3635 + 0.0012 and an average density of 3935 kg/m3, the man-
tle density at the crust-mantle interface as a free parameter and four different values of crustal densities from 3000 to
3300 kg/m?3, the acceptable solutions for the core radius and crustal thickness are represented. The corresponding aver-
age mantle densities are presented by solid or dotted black lines. The range of acceptable solutions for each mantle
density given the error bar on the moment of inertia factor is delimited in grey. A density gradient of 0.352 kg/m? per
km in the mantle, based on Khan and Connolly [2008], is used in all calculations.

crust is uniform in density and is isostatically compensated. Assuming a range of crustal densities from 2700
to 3100 kg/m3, the average thickness of the Martian crust in the highlands was estimated from this tech-
nique to be 57 + 24 km [Wieczorek and Zuber, 2004]. For the highest density considered in that study, the
average crustal thickness should be less than 67 km. Combining this global crustal thickness modeling,
Pauer and Breuer [2008] obtained a maximum crustal density of 3020 + 70 kg/m? for the highlands.

To address the consequences of crustal density on the thickness of the Martian crust, we have created

a series of global crustal thickness maps using the most recent models of the Martian gravity field and
topography. From these crustal models, we quantify the relationship between average crustal thickness
and crustal density. Our modeling approach follows the procedure developed by Wieczorek and Phillips
[1998] for the Moon that was later applied to Mars by Wieczorek and Zuber [2004] and Neumann et al. [2004].
For a given crustal density, the gravitational attraction of the surface topography (model MarsTopo719
[Wieczorek, 2007]) was calculated, taking into account finite-amplitude effects by using powers of topogra-
phy to order 7. This field was subtracted from the observed gravity (JGMRO110C [Konopliv et al., 2011]) to
yield the Bouguer anomaly, which was subsequently truncated at spherical harmonic degree 90 given the
dramatic decrease in spectral correlation that is observed between the observed gravity and topography
beyond this degree. For a specified mantle density, and for a given average crustal thickness, the relief along
the crust-mantle interface that best fits the Bouguer anomaly was determined in an iterative manner. To
counteract the destabilizing effect where gravitational errors increase exponentially when continued down-
ward, a filter was applied to the Bouguer potential that had a value of 0.5 at spherical harmonic degree 50
[e.g., Wieczorek and Phillips, 1998].

In our inversions, the minimum crustal thickness was always located in the central portion of the Isidis
impact basin. After the iterative inversion converged, the average thickness of the crust was modified, and
a new inversion performed, in order to obtain a solution where the minimum crustal thickness was equal
to 1 km. This minimum thickness is a plausible estimate for the thickness of the postimpact lava flows and
sediments that are found in this basin. Though it is not possible for the average thickness of the crust to be
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Figure 15. Average crustal thickness as a function of crustal ~ as the mantle density decreases, the amplitude
density for three different mantle densities. For each crustal of the relief increases, and the average crustal

thickness inversion, the minimum crustal thickness was thickness increases. As the density of the crust
constrained to equal 1 km. approaches the mantle density, the relief along
the crust-mantle interface exceeds 200 km, at
which point our crustal thickness inversions become unstable. The relations in this figure vary by less than
3 km when modifying the truncation degree and filter half-wavelength in our inversion. If the crustal den-
sity were as low as 2600 kg/m3, perhaps as a result of impact induced fractures [e.g., Wieczorek et al., 2013],
the average crustal thickness could be as low as 27 km. For a crustal density of 2900 kg/m3, the average
crustal thickness is constrained to lie between 41 and 57 km, similar to previous work. For a crustal density of
3100 kg/m3, the average crustal thickness is constrained to lie between 65 to about 110 km.
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A dense and thick basaltic crust extracted from partial melting of a primitive mantle would be difficult to
reconcile with mass balance models based on Nd-isotopic compositions of Martian meteorites [Norman,
1999] but would remain possible if depleted mantle source gave rise to additional secondary crustal mate-
rials [Wieczorek and Zuber, 2004]. On the other hand, average crustal thicknesses greater than about 70 km
are inconsistent with the analysis of geoid-topography ratios [Wieczorek and Zuber, 2004; Pauer and Breuer,
2008] and crustal thickness in excess of ~100 km might lead to lower crustal flow and destruction of crustal
thickness variations [Nimmo and Stevenson, 2001]. Nevertheless, we note that such analyses are based upon
the crust having a constant density and that any form of vertical stratification in density could bias the
obtained average crustal thickness [e.g., Wieczorek and Phillips, 19971.

5.4. Implication for the Recycling of the Martian Crust

In the absence of plate tectonics and subduction, recycling of the Martian crust into the mantle should
occur mainly through crustal delamination. Crustal delamination could occur if the lower crust became
denser than the mantle, and if the thermal and compositional parameters favored rheological decoupling
of this gravitationally unstable layer [Morency and Doin, 2004; Ueda et al., 2012; Samuel et al., 2014]. In par-
ticular, the delamination of crustal roots is conceivable if a basalt-to-eclogite transition occurs within the
Martian crust. The transition consists in the progressive consumption of plagioclase and appearance of gar-
net. The transition may start near 50 km to 70 km [Babeyko and Zharkov, 2000; Papike et al., 2013]. Numerical
models of the thermochemical evolution of Mars often predict crustal thicknesses significantly above this
value (up to 200 km) offering favorable conditions for crustal delamination [e.g., Breuer and Spohn, 2006;
Keller and Tackley, 2009]. However, crustal delamination appears less plausible for crustal thickness values of
50 + 12 km inferred from topography and gravity models and a conservative crustal density of
2700-3100 kg m?3 [Wieczorek and Zuber, 2004] and has received limited support beyond the preliminary
investigations of Babeyko and Zharkov [2000].

Arguments against the possibility of massive recycling of the Martian crust have been made based upon
the geochemical analysis of Martian meteorites. Indeed, the Shergottites indicate an early separation of
geochemical reservoirs that have not mixed since differentiation [Papike et al., 2009; Debaille et al., 2008;
Brandon et al., 2012]. These arguments have led Morschhauser et al. [2011] to select numerical models that
do not allow crustal recycling, despite the fact that such models suggest that crustal recycling would be
the rule rather than the exception. If the entire Martian crust has a composition that is similar to its sur-
face, which is basaltic, then our reappraisal of possible density values suggests that the average crustal
thickness would be comparable to or larger than the depth of the basalt-eclogite transition, reopening
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the question of crustal recycling on early Mars and more generally throughout all its history. A possible
control on crustal thickness by delamination has been proposed for the Earth, for instance in the case of
the Archaean-Proterozoic Fennoscandian shield [Kukkonen et al., 2008] and also for Venus [Turcotte, 1989;
James et al., 2013]. Furthermore, the delamination of a crustal root can be associated with an asthenospheric
return flow responsible for magmatic activity, as proposed for several contexts of intraplate volcanism on
Earth. Such a mechanism could offer an interesting alternative to plume-related volcanism for explaining
the formation of recent basaltic flows on Mars (e.g., Central Elysium Planitia).

6. Conclusion

Since the last geophysical estimates of crustal thickness derived from topography and gravity models, abun-
dant petrological observations on igneous rocks of the Martian crust, including chemical analyses of Martian
meteorites, in situ analyses by the MER rovers, and remote sensing observations of surface chemistry (Mars
Odyssey), are now available. Assuming the surface basaltic component is representative of the entire crust,
these independent sources of information systematically point to a crustal density significantly above the
range of density values assumed for the analysis of gravity and topography data. A dense crust is also con-
sistent with the expected average density of rocks derived from a homogeneous primitive mantle of Mars.
A dense crust is compatible with the constraints given by the mass of Mars and its moment of inertia fac-
tor, and with crustal thickness inversions from topography and gravity models as long as crust thickness
approaches 100 km. Such a thick crust would allow the phase transition from basalt to eclogite to occur and
offers the possibility for crustal recycling through delamination.

However, geoid-to-topography ratio are not compatible with large thicknesses for the southern hemisphere
of Mars (the highlands) and rocks exposed at the surface are not necessarily representative of the entire
crust. The comparison of petrological and geophysical constraints suggests the potential existence of a light
crustal component buried under subsequent volcanic products in the southern hemisphere (highlands).
This primary crustal component should be less dense than surface basalts. As the existence of highly porous
materials is thought unlikely given the pressure-temperature conditions prevailing within the Martian crust,
this light component may be composed of felsic or anorthositic material similar to the lunar anorthosites.
The InSight mission will soon provide the first seismological constraints on the Martian interior and should
offer a decisive test for the conclusions presented in this study.
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