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Abstract

Basaltic melts are produced when convection adiabatically brings deep and hot mantle to lower pressures. Such primary melts

were extracted from the mantle of Mars, crystallized near the surface and progressively built the Martian crust. This process

displaced a large fraction of the heat producing elements from the mantle to the crust and created an insulating layer that

slowed down further cooling of the mantle. The complex crust-mantle system controlled many aspects of the geologic history of

Mars, including the development of an atmosphere and whether conditions favorable to life could have existed. Our knowledge

of the mineralogy, chemical composition and physical properties of the crust of Mars is rapidly expanding. Global geodynamical

models can be used to interpret the available data and constrain the processes of crust-mantle differentiation. However, existing

models still treat melting in a simplified way. For example, the degree of melting is often assumed to increase linearly above

the solidus temperature, while the density of the residue is assumed to decrease linearly. Calculating the density of the residual

mantle more accurately is critical because the compositional buoyancy that develops during partial melting fundamentally

modifies mantle dynamics. Here, we present an improved parametrization of partial melting of the Martian mantle, which will

be combined with the convection code Gaia. We created a new empirical model of melting that calculates the composition of

the extracted melts and, when combined to thermodynamic models (e.g., Perple X), the density of the corresponding residual

mantle. Another advantage of the new melting parametrization is that the major-element composition of partial melts can be

tracked and used to constrain the petrogenesis of surface rocks. Preliminary results will be compared to available Martian rocks

believed to represent primary mantle melts or melts affected by minor fractional crystallization.
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INTRODUCTION

Decompression melting of the mantle has likely occurred during the entire history of Mars. Constraining precisely the
composition of the primary silicate melts produced in the mantle is critical to understand how the crust was build and, eventually,
how surface conditions evolved.

Experiments have been performed at constant pressure and increasing temperatures to constrain the composition of primary
melts [1,2]. Experiments simulate a batch melting process, which assumes that melting is isobaric and that the melt remains in
the source until the end of the melting process and is only extracted then.

Fractional/dynamic melting, a process during which the melt is constantly extracted during melting, and at different depths (i.e.
polybaric melting), might be more realistic but can only be studied through modeling. For the Earth mantle, the development of
Gibbs free energy minimization models (e.g. pMELTS [3]) and other modeling approaches [4,5] has allowed to investigate a
diverse range of melting processes. However, existing models are currently inadequate to model the melting of the martian
mantle.

Here, we describe a new empirical melting model specifically calibrated to simulate melting of the martian mantle under batch or
polybaric conditions (column 2). We describe its major advantages over pMELTS (column 3) and discuss some of its immediate
implications for the formation of martian igneous rocks and the thermal state of the mantle (column 4).

In a future step, the new model will be used with global thermochemical evolution models (GAIA [6]). It will allow to improve
the treatment of compositional and density changes in the mantle caused by partial melting, and track more accurately the
distribution of heat producing elements between the mantle and the crust.
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METHODS
ISOBARIC VS. POLYBARIC MELTING
The new empirical model is similar in concept to [4,5] but is largely based on melting experiments of martian mantle
compositions [1,2].

The model calculates the composition of silicate melts in two main steps.

First, the non-modal batch melting equation is solved to constrain the concentration of “incompatible” elements, expressed as
oxides wt.% (Al O , Na O, K O, TiO  and P O ), using experimentally constrained melting equation coefficients, modal
proportions, and partition coefficients.

Second, the pressure, the Mg# of the melt and the concentration of incompatible elements (from step 1) are used to retrieve the
concentrations of major oxides (SiO , FeO, MgO and CaO) using polynomial regressions. CaO is either treated as a major
element or as an incompatible, based on whether or not clinopyroxene remains in the mantle.

Fig. 1. The model can be used to simulate different melting processes
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In isobaric batch melting mode, the melt fraction, the pressure and the mantle bulk composition are provided as input and the
model returns the composition of the melt, the temperature at which the melt is in equilibrium with the mantle and the
corresponding mantle potential temperature (T ). The melting process is assumed to occur at constant pressure in a single
“batch”, and no melt is removed until melting is over.

In polybaric fractional melting mode, the mantle potential temperature, the mantle bulk composition, and the pressure at which
melting ends (i.e. the base of the lithosphere) are provided as inputs. The model calculates the solidus temperature as a function
of pressure and returns the pressure at which melting begins. The compositions of small melt increments (i.e. instantaneous
melts) are calculated and extracted from the residue above an adjustable retained “critical” melt fraction (0.4-2 wt.%; the
model is therefore “near-fractional” or “dynamic”). The model repeats those iterations while decreasing the pressure. The new
solidus and the new ambient mantle temperature are constantly adjusted. Melting continues up to the imposed lower pressure,
representing the base of the lithosphere. At this point, all melt increments produced at different depths are pooled as a single
aggregate melt.

Fig. 2. Example of fractional polybaric melting (decompression melting) along three adiabats.

This latter melting mode can also be used at constant pressure to simulate isobaric fractional melting. This melting process can
be envisioned as a melting column extending down to a certain depth and affected by fractional melting but with re-equilibration
of all melt increments at the base of the lithosphere.

p
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COMPARISON WITH EXPERIMENTS AND PMELTS
The new model reproduces accurately the composition of experimental melts [1]. In the following figures, we highlight some of
the major differences with the Gibbs free energy minimization software pMELTS [3].

To produce those figures, both models were used in isobaric mode to allow for direct comparison with the experiments [1]. Note
that, in isobaric mode, the aggregate melts produced during fractional melting are nearly identical to batch melts.

Fig. 3. Compared to the experiments [1] and the new model, pMELTS overestimates the FeO content of silicate melts by ~4 wt.% (1.0 GPa) to ~8
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wt.% (2.5 GPa), and possibly as much as ~10 wt.% (3.5 GPa). As a result, the density of silicate melts is overestimated by up to 200 kg/m  and the

density of the mantle residue is underestimated by up to 40 kg/m .

pMELTS systematically underestimates the SiO melt concentrations and overestimates the FeO and MgO concentrations.

Using pMELTS data together with geodynamical models thus leads to significant errors in the density contrasts of the melting
products (melts and residues) relative to the ambient mantle. Those errors can impact mantle convection and melt segregation
(Fig. 3).

Fig. 4. pMELTS does not accurately account for the increase of Na O compatibility in pyroxene with increasing pressure. The Na O concentration of

the resulting melts are overestimated at high pressure.
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Fig. 5. CaO is treated either as a major oxide or an incompatible in the empirical model. The transition occurs when clinopyroxene is completely

consumed (i.e. lherzolite to harzburgite transition). In both models, the CaO concentration of melts increases until clinopyroxene disappears (cpx-

out), and then decreases rapidely in the instantaneous melts. The CaO concentration is highest at the spinel- to garnet- lherzolite transition (~2.5 GPa)

in experiments and the empirical model while pMELTS erroneously predicts a continuous decrease of the CaO content with increasing pressure, for a

given melt fraction.
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Fig. 6. Solidus temperature and increase of the melt fraction with temperature.
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TEMPERATURE OF THE MANTLE SOURCES OF IGNEOUS
ROCKS
The temperature of the mantle sources of martian igneous rocks and the corresponding mantle potential temperature (T ) can
be estimated using an “inverse approach” [7,8]. In practice, the final results are strongly dependent on several working
assumptions: the amount of olivine assumed to fractionate from the primary melt, the amount of melt produced in the source (for
T ), and the choice of geothermometer/barometer.

Through experiments, multi-saturation points (MSP), representing P-T conditions at which a parental melt is in equilibrium
with olivine and pyroxene [9-11], can also be used to estimate the T .

In all cases, this "inverse approach" assumes that melting can be approximated by isobaric batch melting.

Fig. 7. Mantle T  estimates of martian igneous rocks through time. 1, vitrophyre in NWA 7034 [11]; 2, Basaltic clast in NWA 7533 [12]; 3, Fastball; 4,

Irvine;  5, Adirondack class basalts; 6, Ace; 7, Humble peak; 8, depleted shergottites; 9, enriched shergottites. The center blue bars represent the range

of T  of successful simulations. The outer cyan bars represent an additional ± 20 ºC model uncertainty (not yet fully characterized). Several

compositions can also be matched by polybaric fractional melting. When this is the case, the T is ~50 ºC lower than the corresponding batch melting

simulation (also see below). The pink ellipses represent the new T  estimates for GRS volcanic provinces [13], when the new model is used instead of

pMELTS. They account for both batch and polybaric melting (Fig. 8 and 9).

The new model can be used to re-evaluate the temperature of the mantle sources of igneous rocks using a “direct approach”.
Some model parameters were varied systematically (T , P) while others were varied through initial guesses followed by a
random search around an average value (bulk mantle composition). The results are compared to igneous rocks which are in
equilibrium with, or contain, olivine Fo  (after the addition of 0-10 wt.% olivine; Fig. 7) and are therefore assumed to be in
equilibrium with the martian mantle.

An important difference between the new model and some previous T  estimates [8] is that we find that shergotittes parental
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melts can be produced at relatively shallow conditions (1.0-1.5 GPa), and therefore much cooler T , consistent with MSP
experiments [9,11].

Previous T  estimates for GRS volcanic provinces are likely underestimated due to errors in the FeO and SiO  concentrations of
the melts introduced by pMELTS and which could not be completely accounted for [13].

Although GRS data provide the concentrations of a limited number of elements (e.g. Fe, Si, Th), the new model can be used to
update semi-quantitatively the T  estimates (Fig. 8 and 9).

Fig. 8. Possible range of melting conditions for GRS volcanic provinces from [13], assuming isobaric batch melting and a DW mantle composition

[14]. Each trajectory represents a specific pressure of melting and increasing T  (total melt fraction between 3 and 30 wt.%). The black lines on NWA

7533 and Adirondack basalt symbols represent the effect of adding back 0 to 10 wt.% olivine.
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Fig. 9. Possible range of melting conditions for GRS volcanic provinces from [13], assuming polybaric fractional melting and a DW mantle

composition [14]. Each trajectory represents a specific pressure at the base of the lithosphere, the pressure at which polybaric melting ends. The

pressure at which melting starts (not represented) increases with the T  (total melt fraction between 3 and 30 wt.%).

Polybaric melting

The composition of certain igneous rocks can also be matched by polybaric fractional melting:

- Adirondack class basalts + 7 wt.% olivine

DW mantle, T  = 1430 ºC, P = 3.3 to 0.7 GPa

- NWA 7533 basaltic clast + 10 wt.% olivine

DW mantle, T  = 1400 ºC, P = 2.7 to 0.7 GPa

- LAR 06319 / NWA 1068 + 5 wt.% olivine

depleted mantle, T  = 1470 ºC, P = 2.6 to 0.7 GPa

In those cases, the mantle T  are 40-60 ºC lower compared to isobaric batch cases and ~100 ºC lower compared to
isobaric fractional cases.

Implications
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Collectively, the new T  estimates indicate that the temperature of the mantle sources of sampled igneous rocks was relatively
stable over time. In recent times, partial melting was probably limited to the hottest mantle plumes localized under major martian
volcanoes in the Tharsis and Elysium regions, while much of the mantle could be too cold to melt. In earlier stages of Mars'
history, a thinner crust and lithosphere could have allowed plumes of contrasting temperatures to produce melts. However, not all
early primary melts were recorded at the surface. The hottest plumes could have produced melts of neutral or negative buoyancy.
In addition, subsequent volcanism and other geological processes likely concealed some of the early surface expressions of
primary mantle melts. 

Therefore, a stable T  of the mantle sources of martian igneous rocks is most likely not representative of the average mantle T
and should not be interpreted as conflicting with the secular cooling of the mantle.

p

p p
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ABSTRACT
Basaltic melts are produced when convection adiabatically brings deep and hot mantle to lower pressures. Such primary melts
were extracted from the mantle of Mars, crystallized near the surface and progressively built the Martian crust. This process
displaced a large fraction of the heat producing elements from the mantle to the crust and created an insulating layer that slowed
down further cooling of the mantle. The complex crust-mantle system controlled many aspects of the geologic history of Mars,
including the development of an atmosphere and whether conditions favorable to life could have existed.

Our knowledge of the mineralogy, chemical composition and physical properties of the crust of Mars is rapidly expanding.
Global geodynamical models can be used to interpret the available data and constrain the processes of crust-mantle
differentiation. However, existing models still treat melting in a simplified way. For example, the degree of melting is often
assumed to increase linearly above the solidus temperature, while the density of the residue is assumed to decrease linearly.
Calculating the density of the residual mantle more accurately is critical because the compositional buoyancy that develops
during partial melting fundamentally modifies mantle dynamics.

Here, we present an improved parametrization of partial melting of the Martian mantle, which will be combined with the
convection code Gaia. We created a new empirical model of melting that calculates the composition of the extracted melts and,
when combined to thermodynamic models (e.g., Perple_X), the density of the corresponding residual mantle.

Another advantage of the new melting parametrization is that the major-element composition of partial melts can be tracked and
used to constrain the petrogenesis of surface rocks. Preliminary results will be compared to available Martian rocks believed to
represent primary mantle melts or melts affected by minor fractional crystallization.
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