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Abstract

The chemical compositions of martian basalts are enriched in iron with respect to terrestrial basalts. Their rheology is
poorly known and liquids of this chemical composition have not been experimentally investigated. Here, we determine the
viscosity of five synthetic silicate liquids having compositions representative of the diversity of martian volcanic rocks includ-
ing primary martian mantle melts and alkali basalts. The concentric cylinder method has been employed between 1500 !C and
the respective liquidus temperatures of these liquids. The viscosity near the glass transition has been derived from calorimetric
measurements of the glass transition. Although some glass heterogeneity limits the accuracy of the data near the glass tran-
sition, it was nevertheless possible to determine the parameters of the non-Arrhenian temperature-dependence of viscosity
over a wide temperature range (1500 !C to the glass transition temperature). At superliquidus conditions, the martian basalt
viscosities are as low as those of the Fe–Ti-rich lunar basalts, similar to the lowest viscosities recorded for terrestrial ferro-
basalts, and 0.5 to 1 order of magnitude lower than terrestrial tholeiitic basalts. Comparison with empirical models reveals
that Giordano et al. (2008) offers the best approximation, whereas the model proposed by Hui and Zhang (2007) is inappro-
priate for the compositions considered.

The slightly lower viscosities exhibited by the melts produced by low degree of mantle partial melting versus melts pro-
duced at high degree of mantle partial melting (likely corresponding to the early history of Mars), is not deemed sufficient
to lead to viscosity variations large enough to produce an overall shift of martian lava flow morphologies over time. Rather,
the details of the crystallization sequence (and in particular the ability of some of these magmas to form spinifex texture) is
proposed to be a dominant effect on the viscosity during martian lava flow emplacement and may explain the lower range of
viscosities (102–104 Pa s) inferred from lava flow morphology. Further, the differences between the rheological behaviors of
tholeiitic vs. trachy-basalts are significant enough to affect their emplacement as intrusive bodies or as effusive lava flows.
The upper range of viscosities (106–108 Pa s) suggested from lava flow morphology is found consistent with the occurrence
of alkali basalt documented from in situ analyses and does not necessarily imply the occurrence of basaltic-andesite or andes-
itic rocks.
" 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Both in situ and remote sensing-based chemical and
mineralogical analyses of igneous rocks on Mars indicate
the wide occurrence of Fe-rich tholeiitic basalts as well as
Fe-rich mildly alkali- and trachy-basalts (13–22 wt.% of to-
tal iron content expressed as FeOtot) (e.g., Binder, 1976;
Gellert et al., 2004, 2006; McSween et al., 2004, 2006b;
Boynton et al., 2007; Bost et al., 2012; Grott et al., 2013;
Fig. 1). The chemical compositions of the martian basalts
are significantly shifted toward Fe-rich compositions in
comparison with terrestrial basalts (characterized by an
average of FeOtot abundance of !12 wt.%). This specificity
of the martian basalt reflects the mantle source which is en-
riched in iron in comparison with the terrestrial mantle as
initially proposed from the martian meteorites analysis
(Dreibus and Wänke, 1984, 1985). In detail, Dreibus and

Wänke (1985) calculated the martian mantle composition
by assuming a chondritic abundance of refractory lithophile
elements in the mantle. Then, they used the nearly constant
Fe/Mn ratio in martian meteorites, as the two elements are
not significantly fractionated during magmatic processes.
This calculation yields a martian mantle that contains twice
as much Fe as the Earth’s mantle with a Mg number (molar
Mg/(Mg + Fe) ratio, noted Mg#) of 75 (terrestrial Mg# is
0.89). A Fe-rich composition is also inferred from evalua-
tions of the internal structure of Mars using geophysical
constraints including the moment of inertia (Anderson,
1972; Yoder, 2003; Khan and Connolly, 2008). It is also
of note that the compositions of partial melts of an iron-
rich mantle matches the mineralogy and chemistry of Mars’
surface (Bertka and Holloway, 1994; El Maarry et al., 2009;
Baratoux et al., 2011, 2013). The common occurrence of
Fe-rich magmas inferred from in situ or remote-sensing
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Fig. 1. Composition of the synthetic samples of this study (stars) plotted in the total alkalis (Na2O + K2O) and FeOtot/MgO ratio vs. silica
content (in wt.%) diagrams (modified figure from McSween et al., 2009 and Bost et al., 2012). The data includes the in situ analyzed rocks at
Gusev craters (compositions of brushed rock and after abrasion, RAT, are connected by tie-lines), Pathfinder rocks and martian meteorites.
The Bounce rock is the only sample of basaltic origin that was analyzed in the Meridiani Planum by the Opportunity rover (Rieder et al., 2004;
Zipfel et al., 2004). Also shown for comparison are the synthetic Pathfinder rock and soil from Tosca et al. (2004), the synthetic Los Angeles
sample from Hurowitz et al. (2005) as well as the synthetic sample from Bost et al. (2012).
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observations is therefore unlikely to be a bias in our current
knowledge of the Mars surface. Such Fe-rich magmas have
been formed from the early history of Mars until the most
recent volcanic activity.

In contrast to Mars, Fe-rich magmas on Earth are rare,
being associated with the ultramafic archean lavas such as
ferropicrite (Arndt et al., 1977); originating from a peculiar
Fe-rich mantle source (Francis et al., 1999; Gibson et al.,
2000) and/or hot spot related volcanism (Fisk et al., 1982;
Stout et al., 1994; Norman and Garcia, 1999; Eason and
Sinton, 2009); or resulting from melt immiscibility and
phase separation at a late stage of the crystallization se-
quence as observed at the Skaergaard intrusion (e.g., Phil-
potts, 1977; Veksler, 2009). While the physical properties
of Fe-rich melts have limited applications on Earth, they
are of primary importance to understand the dynamics of
volcanic materials on Mars. Recent martian lava flows
(younger than 50 Ma) suggest the possibility of magma
migrating through a 150–200 km thick lithosphere (Hart-
mann et al., 1999; Vaucher et al., 2009b; Hauber et al.,
2011). Morphological characteristics of volcanic edifices
with gentle slopes as well as long lava flows indicate effusive
activity of very fluid lavas (e.g., Greeley et al., 2005; Hie-
singer et al., 2007; Baratoux et al., 2009; Vaucher et al.,
2009b) and layers of pyroclastic deposits hint at the exis-
tence of explosive activity (Hynek et al., 2003).

Viscosity is the main physical parameter affecting the
evolution of molten bodies from their formation, during
their ascent and emplacement in the subsurface as intru-
sions (Michaut, 2011; Taisne et al., 2011; Michaut et al.,
2013) or at the surface as volcanic flows (e.g., Pinkerton
and Stevenson, 1992; Dingwell, 1996). It controls the speed
of magma ascent through the crust, the ease of crystal and
bubble growth, and therefore defines the type of eruption.
A lower viscosity implies a faster transport (or lower driv-
ing stresses) during both ascent and surface emplacement.
Further, for the same initial concentration of volatiles, inef-
ficiently degassed highly viscous bubbly magma experiences
more explosive behavior whereas efficiently degassed low
viscosity magmas erupt effusively. Knowing the viscosity
of martian lavas is thus a key parameter for understanding
the migration of magmas and morphology of volcanic land-
forms throughout the entire history of Mars.

The lava flow viscosity values inferred from morpholog-
ical analysis on Mars range from 102 to 108 Pa s. These are
attributed to ultrabasic, basaltic or more evolved composi-
tions (Grott et al., 2013 and references therein). In fact, the
occurrence of very fluid lavas on Mars represents a possible
source of confusion for the recognition of channels associ-
ated with effusive flows against fluvial channels associated
with liquid water flows. For instance, outflow channels
have been principally associated to catastrophic water re-
lease (the dominant hypothesis) but an alternative possibil-
ity would be the effusion of low viscosity magmas
(Leverington, 2011 and reference therein). The interpreta-
tion of landforms within one of the youngest regions of
Mars, Central Elysium Planitia, has also been the focus
of controversial interpretations (Jaeger et al., 2007, 2010;
Page, 2008, 2010; Plescia, 1993; Vaucher et al., 2009a,b).

Such ambiguities are a strong motivation for constraining
the range of possible viscosities of martian lavas.

Low apparent viscosities are qualitatively compatible
with the known compositions of martian basaltic rocks
containing a relatively low Si and high Fe content (Greeley
et al., 2005; Baratoux et al., 2009; Hauber et al., 2009; Vau-
cher et al., 2009a,b; Chevrel et al., 2012). However, the vis-
cosity of such Fe-rich martian lavas has never been directly
measured. The closest Fe-rich compositions that have been
measured are some synthetic lunar lavas that have a lower
viscosity than terrestrial basaltic lavas (Murase and McBir-
ney, 1970; Cukierman et al., 1972). Here we measure the
viscous behavior of Fe-rich martian lavas and test whether
currently available empirical models relating the chemical
composition to the melt viscosity (Shaw, 1972; Hui and
Zhang, 2007; Giordano et al., 2008) are well adapted to
the specificity and diversity of the martian lavas
compositions.

The dry melt viscosity is investigated over a very wide
temperature range: at superliquidus temperatures as well
as at low temperatures (near the glass transition) in order
to describe well their non-Arrhenian behavior (Hess and
Dingwell, 1996; Russell and Giordano, 2005; Hui and
Zhang, 2007; Giordano et al., 2008). The experimental vis-
cosity results are then compared to terrestrial and lunar Fe-
rich melts. The increase of viscosity caused by crystalliza-
tion is then modeled and discussed as a function of the crys-
tallization sequence at surface conditions. This study
provides a framework to interpret the diversity of morphol-
ogies of effusive flows on Mars’ surface, to address which
empirical models may be used to calculate the viscosity of
Fe-rich silicate melts that may be implemented in turn into
models of intrusion emplacement or lava flow
emplacement.

2. SAMPLES

The five samples investigated in this study are Fe-rich
basalts chosen to be representative of the known diversity
of martian basalts. Three samples have a chemical compo-
sition directly given by in situ Alpha Particle X-ray Spec-
trometer analysis (post rock-grinding) of volcanic rocks at
Gusev crater on Mars. The selected compositions corre-
spond to the chemical analyses of the Adirondack class
rock, Irvine and Backstay rocks given in Ming et al., 2008
(Table 1). The Adirondack basalt is a dark, fine-grained,
vesicular rock interpreted as lava. It is an olivine-rich prim-
itive basalt with high Mg and low K (similar to a tholeiitic
basalt). It is largely enriched in Fe and depleted in Al com-
pared to common terrestrial tholeiitic basalt and is the
dominant type on the Gusev plains (the Adirondack class
rock referred here as AdMB). The Irvine and Backstay
rocks (referred as IAMB and BAMB, respectively) are the
first alkali basalts recognized on Mars and were found at
the Columbia Hills inside the Gusev Crater. They are inter-
preted as lavas or possibly dike rocks. Backstay is enriched
in Al and alkaline (Na2O + K2O = 5 wt.%) and depleted in
Fe, Mn, and Cr compared to the Adirondack basalts. The
Irvine class rocks are geochemically similar to Backstay ex-
cept that they are depleted in Al, P, and alkaline elements
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(Na2O + K2O = 3 wt.%), and enriched in Fe with an aver-
age 19.7 wt.% FeOtot compared to 13.2 wt.% FeOtot in
Backstay (McSween et al., 2006a; Ming et al., 2008).

The two other samples are compositions based on equi-
librium melting calculations of a primitive mantle composi-
tion following Baratoux et al. (2011). According to this
study, variations in the average surface composition of vol-
canic provinces may be related to variations of conditions
of partial melting, providing evidence for cooling of the
martian mantle over time. The inferred changes in condi-
tions of partial melting (pressure, temperature) have been
then shown to produce changes in mineralogy consistent
with those inferred from spectroscopic observations, in par-
ticular for the pyroxene compositions (Baratoux et al.,
2013). Therefore, two additional compositions correspond-
ing to the end-members cases of these studies are consid-
ered. One composition is calculated for a pressure of
13 kbars and a potential temperature of the mantle of
1400 !C, corresponding to 15% of mantle partial melting
(hereafter High Degree partial Melt: HDM); its composi-
tion is very similar to AdMB. A second composition is cal-
culated at 17 kbars and for a potential temperature of the
mantle of 1350 !C, corresponding to a low degree partial
melt (LDM) of !5%. LDM is poorer in Si and richer in
Fe relatively to all other studied compositions (Table 1).
These compositions neglect possible variations of the
source and extraction from distinct geochemical reservoirs
that have been previously depleted (e.g., during the magma
ocean scenario – Elkins-Tanton et al., 2005, or related to
volcanism). Nevertheless, these compositions offer a frame-
work to study the rheological consequences of the varia-
tions of conditions of partial melting.

3. EXPERIMENTAL METHODS

3.1. Melt preparation

The starting chemical compositions used for the synthe-
sis are Cl-, S- and Cr-free to prevent volatility and early

crystallization of Cr-rich oxides (Table 1). The samples
were prepared by mixing 100 g of dried (120 !C) reagent
grade oxide and carbonate powders of SiO2, Al2O3, MgO,
CaCO3, Fe2O3, TiO2, MnO, Na2CO3, K2CO3 and NaH2-

PO4 based on the compositions given in Table 1. The pow-
der mixes were milled together in an large agate mortar in
acetone for at least 30 min and then fused in a platinum
crucible for two hours in air at 1500 !C. The melts were
then poured on a copper plate, crushed and melted a second
time. Those melts were then poured directly into a thick-
walled cylindrical platinum crucible that was transferred
to a furnace equipped with a rotational viscometer and stir-
red for five hours using a Pt80Rh20 spindle at 1500 !C. The
crucibles and spindle had been previously doped with Fe to
minimize the propensity of Fe loss into the crucible wall.

3.2. Superliquidus viscometry under controlled oxygen
fugacity

The viscosity at superliquidus conditions was measured
via the concentric cylinder method (Shaw, 1969; Dingwell,
1986) at 1 atm and under varying ambient oxygen fugacity
(in air and down to two orders of magnitudes below the
Quartz–Fayalite–Magnetite buffer, noted QFM-2). The set-
ting consists of a cylindrical crucible containing the molten
material that is placed in the hot zone of a vertical furnace
equipped with a gas-tight alumina muffle tube and a
CO2–CO gas-mixing line (Dingwell and Virgo, 1987). A
cylindrical spindle is inserted into the melt and is driven
at constant speed by a viscometer head (Brookfield
DVIII+) that records the torque. The torque is converted
into viscosity using a standard glass (DGG-1) calibration.
The precision on the viscosity for this apparatus was deter-
mined by Dingwell (1986) from the sum of the precision of
standard and sample determination and is ±5%. The tem-
perature calibration was determined by the immersion of
a B-type (Pt/Pt90–Rh10) thermocouple into the melt over
a large range of temperatures and does not exceed ±1 !C.

Table 1
Starting chemical composition (in wt.%) of the investigated martian synthetic melts. Composition of Adirondack class rock, Irvine and
Backstay rocks are derived from Ming et al. (2008) after removing Cr, S and CO2 and are normalized to 100 wt.%. Compositions of the melts
formed by high and low degree of partial melting are calculated using MELTS for respectively 15% and 5% melting of the martian mantle
composition given by Dreibus and Wänke (1984).

Tholeiitic basalt Mildly-alkaline basalt Trachy-basalt Melt formed by
high degree of
mantle partial melting

Melt formed by
low degree
of mantle partial
melting

Adirondack class
rock

Irvine Backstay

AdMB IAMB BAMB HDM LDM

SiO2 47.01 49.09 50.22 46.72 43.38
TiO2 0.59 1.10 0.94 0.56 0.68
Al2O3 10.86 8.58 13.46 10.61 10.28
FeOtot 19.43 20.36 13.87 18.99 21.19
MnO 0.42 0.38 0.24 0.11 0.14
MgO 10.14 9.82 8.43 11.39 11.73
CaO 8.09 5.99 6.12 8.41 8.20
Na2O 2.66 3.10 4.21 2.25 3.03
K2O 0.15 0.62 1.09 0.17 0.25
P2O5 0.65 0.97 1.41 0.79 1.13
Total 100 100 100 100 100
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For each composition, the viscosity was first measured
in air from 1500 !C to 1375 !C by 25 !C increments of
decreasing temperature. The effect of the melt redox-state
on viscosity was then investigated at isothermal condition
(1385 or 1395 !C) by decreasing the oxygen fugacity inside
the muffle tube via changing the CO:CO2 ratio of the gas
flow. At the lowest ambient oxygen fugacity, usually corre-
sponding to QFM-2, the temperature dependence of viscos-
ity was also measured between 1500 !C and 1375 !C. The
viscosity, temperature and oxygen fugacity were recorded
all along the experiments at every second, which allows pre-
cise tracking of the melt response. The viscosity values were
taken after 1 h of isothermal equilibrium for measurements
performed at constant fO2 and after a minimum of 24 h for
each fO2 change to ensure a melt fully equilibrated with the
new fO2. At the end of the experiment, the viscosity was
measured again at the highest temperature in air to check
a possible instrumental drift.

The melts were sampled at high temperature and at
every fO2 step (each sampling batch is labeled between -
S0 to -S8). The quenching method, called the “dip-quench”
method, consists in inserting and removing an alumina rod
(with a diameter of 3 mm) into the liquid forming a melt
droplet on the rod tip that is then fast quenched into a
water bucket. The process lasts less than 15 s and the melt
cooling rate is then estimated to be !100 !C/s. This fast
cooling is necessary to avoid crystallization and causes
the glass to fragment into powder and tens of small chips
(<10 mg) that were used for further analyses (chemical
analyses, redox state titration, calorimetric measurements).

3.3. Chemical composition and redox state

One or two chips per sampling batch resulting from the
“dip quench” were mounted as polished sections for petro-
graphic and chemical analysis carried out with a CAMECA
SX 100 Electron MicroProbe Analyser (EMPA), and Back
Scattered Electron images (BSE) were obtained for each
analyzed chip. About 30 mg of powder was used for redox
state determination performed using potassium dichromate
titration. This procedure is a destructive technique that di-
gests the material and measures the amount of Fe2+ by a
redox reaction (Giuli et al., 2011). In combination with
EMPA analysis, the FeO/FeOtot ratio was calculated for
each glass.

3.4. Low temperature viscosity at the glass transition
temperature

The viscosity at sub-liquidus conditions was determined
from quenched glassy chips briefly heated into the metasta-
ble supercooled liquid state. The excursions into the meta-
stable state required by the parallel plate or beam-bending
techniques cannot be used because of rapid crystallization
of Fe-rich samples (Karamanov and Pelino, 2001; Karama-
nov et al., 2002; Bouhifd et al., 2004). An alternative meth-
od is to evaluate the viscous relaxation time that can be
fixed to the glass transition at a known quenching/heating
rate.

The temperature of the glass transition is defined as the
limiting fictive temperature (T0f ) that is the temperature at
which the structure of the liquid is frozen in during quench-
ing; T0f is therefore a function of the quench rate of the li-
quid: the faster the quench rate, the higher T0f . The glass
transition temperature range can be determined with calori-
metric measurements because the sample releases some ex-
cess in heat capacity when it is heated from the glass field
into the liquid field (endothermal peak of the heat capacity
vs. temperature/time curve; e.g., Moynihan et al., 1974;
Scherer, 1984).

About 27 mg of glass (usually 4–5 chips) per sample
batch were used for calorimetry measurements using the
differential scanning calorimetry (DSC; 404 Pegasus appa-
ratus from NETZSCH Gerätebau). All samples received
the same treatment; they were initially heated at 20 !C/
min, and then cooled and subsequently re-heated at identi-
cal rates of 25, 20, 15 and 10 !C/min in a raw. The curves
were calibrated against a baseline and the heat capacity
(Cp) was calculated with a sapphire standard of 27.7 mg.
The Cp values are used here as relative changes and not
in terms of the absolute Cp values. For all samples, T0f
was obtained from the re-heating sample curves having
known quenching rates using the method described by
Moynihan (1995). The corresponding viscosity is then cal-
culated via the linear relationship between the applied cool-
ing rate and the viscosity (Gottsmann et al., 2002) at T0f :

log g ¼ K # log jqj ð1Þ

where g is the viscosity (Pa s), K is a constant that equals to
11.04 ± 0.37 as determined at T0f by Chevrel et al. (2012)
and q is the cooling rate in K s#1.

4. RESULTS: COMPOSITIONS AND REDOX STATE

4.1. Chemical compositions

The chemical composition of each sampling batch was
analyzed in order to check the stability of the element con-
centration during the viscosity measurements. Minimums
of 20 chemical analyses data across a single chip were per-
formed to evaluate the chemical homogeneity of the glasses
(Table A.1 in Supplementary material).

For the samples equilibrated in air, the results indicate
that the samples are chemically homogeneous within the er-
ror of the measurements. These compositions are slightly
enriched in Fe and depleted in Si compared to the starting
composition (dark red symbols in Fig. 2). Only one sample,
IAMB-S1, was recognized to contain some micro-oxide
crystals with a length of <10 lm are unequally distributed.
The entire BSE picture of the sample chip was observed and
the area covered by the crystals was estimated (using Ima-
geJ software) to represent less than 0.5%. Their effect is
therefore neglected for viscosity measurements (Lejeune
and Richet, 1995). An attempt to measure their composi-
tion is given in Table A.2. Tinier crystals are found around
these oxides and have a dendritic morphology, typical of
rapid growth during quenching process.
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For the samples equilibrated under reduced conditions,
no oxide crystal was found but the chemical compositions
of the glasses are more variable (Table A.1, Fig. 2). For
AdMB, although each individual sample is homogeneous,
the samples having different redox states have different
compositions. AdMB-S3, -S4 and -S8 are enriched in
SiO2 (48.3–49.1 wt.%) and depleted in FeOtot (16.9–
18.6 wt.%) compared to the others that have a composition
close to the starting material and within the standard devi-
ation of the analyses (SiO2 = 46–47.6 wt.% and
FeO = 18.6–20.9 wt.%). There is no clear trend correlating
the variation of chemical composition and quenching con-
ditions. The BAMB and IAMB samples show large varia-
tions between all the samples, and a single chip may
exhibit a distinct internal heterogeneity. For most of these
samples, two distinguishable compositions could be

identified; given as LSi for liquid enriched in Si and LFe
for liquid enriched in Fe (Table A.1). Although for most
of the samples, this compositional variation was not ob-
served with BSE images, some filaments of distinct compo-
sitions were observed within IAMB-S4 (Fig. 3). The HDM
and LDM samples quenched under different conditions
have also variable chemical compositions. In sample
HDM-S2, two distinct compositions, LSi, and LFe, could
be identified. The sample LDM-S3 has the larger internal
heterogeneity, with SiO2 varying from 42.3 to up to
49.4 wt.% and FeOtot from 21.5 down to 15.9 wt.%. For
most of the samples, although chemical heterogeneity could
be detected, the use of BSE images does not permit the
identification of sub-micron emulsion or a gradient of ele-
mental diffusion. These heterogeneities are discussed in
the Section 4.3.

4.2. Iron redox-state

Two titrations were performed for each sample batch
and the difference were less than 0.8 wt.% of FeO. The
FeO/FeOtot was calculated with the average FeO values
of the two titrations and the average FeOtot from EMPA
measurement for each sample (Fig. 4). Taking into account
the variation of the titration and of EMPA measurements,
the error on the redox state is calculated for each sample.
The largest error is calculated for the reduced samples,
where the compositional variation is greatest. The observed
chemical heterogeneity within a single sample raises signif-
icant concerns over the quality of the redox-state calcula-
tions. These results suggest that the sampling technique
must be improved further to reduce the error bars on the
redox-state.

4.3. Evidence of immiscibility at high-temperature or phase
separation during slow quenching?

Whether the chemical heterogeneity observed in the
quenched samples is due to liquid immiscibility at high-
temperature or to the quenching process is a major issue

Fig. 2. Microprobe chemical composition analyses of each inves-
tigated samples. The symbol shape differs for each composition as
indicated in the legend. The black symbols are the starting chemical
composition (according to the weighted regent powders). The color
code indicates the change is fO2 conditions: the more oxidized
(equilibrated in air) is in dark red, then in order toward more
reduced: red, orange, yellow, and whitish.
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(Veksler et al., 2007, 2008; Philpotts, 2008). Unlike in static
experiments (melt droplet suspended to Pt-loop wire), li-
quid separation may happen in dynamic experiments (Veks-
ler et al., 2007, 2008). The stirring of the melt during
viscosity measurement by the spindle is fast, achieving a
speed of 40 rotations per minute and may then enhance
phase separation. As obtained in previous studies, we ob-
serve here that the composition of the mafic conjugate li-
quid (LFe) is close to the bulk starting material, and the
felsic member of the pair (LSi) is enriched in Si, as expected
in the case of immiscibility processes. However, although
we did not conduct any experiment that could prove the
occurrence of two liquids at high temperature, we note that
immiscibility has never been reported at such high temper-
atures apart from pure FeO–SiO2 binary systems (Roedder,
1978; Philpotts, 2008). Moreover, during the viscosity mea-
surement, the presence of two immiscible liquids would
cause a strain-rate dependent viscosity (as in the case of sus-
pended deformable bubbles) that was not observed. It
seems therefore unlikely that immiscible liquids were pres-
ent during the viscosity measurement.

A phase separation during quenching is more likely to
have happened. An attempt to quench these melts was
first made by pouring the melt (equilibrated in air at
1500 !C) onto a copper plate and pressing it together
with another copper plate. The resulting piece of glass
was 3 mm thick and had near parallel surfaces. Chemical
analyses were carried out along a vertical profile within
the sample; this revealed a variation in chemical compo-
sition extending from outer quenched surfaces to the
glass interior. The inner core was enriched in Fe while
the surfaces were Si-rich. No other significant elemental
variations were noted. Such variations were also observed
in Wilson et al. (2012), and were attributed to a quench-
ing rate, which was too slow to permit formation of a
homogeneous glass. This chemical profile is a clear indi-
cator of elemental migration, and eventually melts sepa-
ration during quenching. In order to achieve a faster
quench rate, avoiding such chemical variation, and also
to be able to quench reduced samples, the “dip quench”
technique was favored and always applied. However,
even by using this technique, the produced glasses tend
to be heterogeneous (internally or across the sample ser-
ies). For the oxidized sample, dendritic crystals could
grow during quenching but for the reduced samples,
phase separation seems favored. Moreover, it was not
possible to maintain a reduced environment during the
quenching process; the reduced melts are quenched in
oxidized environment (air). Even if this process is fast,
estimated at 100 !C/s (from 1400 to 20 !C in !15 s),
the small withdrawn droplet may have sufficient time to
become oxidized, favoring the migration and redistribu-
tion of the elements. An indicator that elements can mi-
grate during the quenching was observed by the chemical
analyses carried out on small chips that were preserved
sticking to the sampling alumina rod, along a profile
from the rod outward (Fig. 5). On these transects the
amount of Fe decreases and Si increases toward the spin-
dle, accompanied by Al content slightly increasing by
1 wt.% (within the first 600 lm).

In conclusion, it seems likely that the chemical varia-
tions observed in the glasses are due to phase separation
during quenching. It is well known that the basaltic compo-
sitions may be bad glass formers, and this impedes efforts to
produce homogeneous amorphous materials. The high Fe
content of the melts in this study enhances this behavior.
It is obvious that the “dip quench” procedure is question-
able as a method for synthesis of homogeneous Fe-rich
glasses; in particular for reduced melts. More experiments
should be carried out to confirm the melt immiscibility. Sta-
tic experiment using martian basaltic compositions should
be first undertaken and then dynamic experiments using a
centrifuge at high temperature and under reduced condition
should be carried out. The sampling technique used here
may be improved by permitting faster quenching and/or
under sustained reducing conditions (Cukierman et al.,
1973). Transmission electron microscopy technique may
also be required to collect further evidence of any such mi-
cro or sub-micron scale features.

5. RESULTS: MELT VISCOSITY AND COMPARISON
WITH MODELS

5.1. Viscosity in the superliquidus regime

The temperature dependence of viscosity measured in air
and under low oxygen fugacity (near QFM-2) is presented
in Table 2. In the investigated high temperature range,
the melts have viscosities between "0.6 to 0.4 log Pa s; the
trachy-basalt, BAMB, is an exception to this, with a viscos-
ity 0.5 log Pa s higher than the others, attributed to higher
Si and lower Fe content. Within the high temperature vis-
cosity range, the temperature dependence of viscosity can
be approximated by an Arrhenian relationship Shaw
(1972):

ln g ¼ AArr þ E%=RT ð2Þ

where AArr and E* (kJ/mol) are the pre-exponential term
and the activation energy of viscous flow, respectively and
R the gas constant. For all compositions, the activation en-
ergy is calculated to be between 121 and 209 kJ/mol
(Table 3). Investigation of temperature dependence of
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viscosity at reduced condition reveals that the activation
energy is similar for oxidized and reduced melts
(± 10–20 kJ/mol).

The effect of redox-state on viscosity was investigated at
a fixed temperature under successive reducing oxygen
fugacity until a minimum value is reached at approximately

Table 2
The viscosity of all investigated melts at 1 atm in air and at under reduced oxygen fugacity. The errors on the viscosity measurements at
superliquidus conditions are estimated to be ±5%, except for the LDM melt measurements that showed a noisy torque reading. The errors on
the viscosity near the glass transition are estimated to be ±0.37 log Pa s.

Air Reduced

T (!C) log g (Pa s) Error T (!C) log g (Pa s) Error

AdMB 1483 !0.10 0.005 1385 0.17 0.010
1458 !0.03 0.002 629 11.42 0.37
1434 0.04 0.002 628 11.52 0.37
1409 0.12 0.006 625 11.64 0.37
1385 0.21 0.010 620 11.82 0.37
1360 0.30 0.015
1336 0.39 0.020
647 11.42 0.370

BAMB 1482 0.36 0.018 1395 0.56 0.028
1457 0.44 0.022 1370 0.65 0.033
1432 0.53 0.026 1346 0.75 0.037
1407 0.62 0.031 1321 0.85 0.042
1383 0.71 0.036 1296 0.95 0.048
1358 0.82 0.041 1271 1.06 0.053
1333 0.92 0.046 1247 1.18 0.059
1308 1.03 0.052 1222 1.30 0.065
1284 1.14 0.06 654 11.42 0.37
674 11.42 0.370 657 11.52 0.37

656 11.64 0.37
653 11.82 0.37

IAMB 1483 !0.07 0.003 1395 0.14 0.007
1458 0.00 0.000 1358 0.22 0.011
1434 0.08 0.004 1334 0.30 0.015
1409 0.16 0.008 632 11.42 0.37
1385 0.24 0.012 625 11.52 0.37
1360 0.33 0.016 623 11.64 0.37
1336 0.42 0.027 619 11.82 0.37
632 11.51 0.370

HDM 1494 !0.31 0.015 1494 !0.34 0.017
1469 !0.25 0.012 1469 !0.28 0.014
1445 !0.19 0.009 1445 !0.22 0.011
1420 !0.11 0.006 1420 !0.17 0.008
1395 !0.04 0.002 1395 !0.11 0.005
650 11.51 0.370 1370 !0.02 0.001

638 11.42 0.37
636 11.52 0.37
631 11.64 0.37
624 11.82 0.37

LDM 1492.96 !0.38 0.119 1395 !0.20 0.060
1468.32 !0.32 0.082 1519 !0.41 0.150
1443.69 !0.25 0.042 1494 !0.45 0.082
1419.05 !0.17 0.083 1469 !0.32 0.106
1394.42 !0.10 0.073 1445 !0.27 0.073
1369.78 !0.02 0.066 1420 !0.23 0.072
1492.96 !0.38 0.084 1395 !0.12 0.066
624.85 11.51 0.370 1494 !0.32 0.086

1445 !0.33 0.056
1395 !0.16 0.048
631 11.42 0.37
626 11.52 0.37
624 11.64 0.37
620 11.82 0.37
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FeO/FeOtot = 0.6 (Table 4 and Fig. 6). The maximum drop
in viscosity is 0.18 log Pa s for IAMB. Further reduction
(FeO/FeOtot > 0.6) induces a slight but systematic increase
in viscosity of less than 0.05 log Pa s that may be attributed
to the change in Fe coordination state in the melt structure
(Mysen, 1991). In such reduced conditions, to avoid the loss
of Fe into the crucible wall (forming an alloy with the plat-
inum) or the formation of metallic Fe nano-droplets, the
experiments were always stopped when the torque started
increasing.

The comparison of our measurements with the empirical
models of Shaw (1972), Giordano et al. (2008, here after
GRD) and Hui and Zhang (2007) is presented in Fig. 7

to assess which of these models are most appropriate to
estimate the viscosity–temperature relationship of martian
compositions. The Arrhenian model of Shaw that is based
on basaltic compositions, yields results differing from
experimental data with a root mean square error (RMSE)
of 0.18 log unit for oxidized and 0.15 log unit for reduced
melts. The GRD model, based on non-Arrhenian behavior
and including a wider range of composition (from basaltic
to rhyolite melts) differs from experimental data with a
RMSE of 0.16 log unit for oxidized and 0.15 log unit for
reduced melts, respectively at superliquidus condition.
The model of Hui and Zhang significantly deviates from
the experimental data set with a RMSE of 0.85 log unit

Table 3
Arrhenian fitting parameters (A and E*) for the viscosity data within the single superliquidus regime (at high temperature, HT) and near the
glass transition (low temperature ranges, LT).

AArr HT E* HT (kJ/mol) AArr LT E* LT (kJ/mol)

AdMB-S2 !12.68 182 – –
AdMB-S6 – – !62.40 666
BAMB-S0 !13.55 209 – –
BAMB-S1 !13.42 204 !82.11 820
IAMB-S1 !12.45 179 – –
IAMB-S4 !11.62 164 !35.27 462
HDM-S1 !11.01 151 – –
HDM-S4 !10.30 140 !32.53 446
LDM-S1 !11.93 162 – –
LDM-S5 !9.11 121 !48.38 561

Table 4
The viscosity at superliquidus regime of the investigated melts at various ambient fO2. The fO2 was measured by B-type sensors around the
melt and it is different than the fO2 inside the melt. The redox state of the melt is given by the FeO/FeOtot ratio that is measured from oxido-
reduction reaction (Fe-titration) done on the glass samples.

Sample Temperature (!C) log (fO2) log QFM FeO/FeOtot log g (Pa s) Duration (h)

AdMB-S2 1385 !0.63 5.84 0.21 0.21 39
AdMB-S3 1385 !2.08 4.40 0.33 0.15 120
AdMB-S4 1385 !4.08 2.39 0.37 0.14 70
AdMB-S5 1385 !5.48 0.99 0.48 0.12 96
AdMB-S6 1385 !6.55 !0.07 0.63 0.09 48
AdMB-S8 1385 !8.02 !1.55 0.78 0.17 96
BAMB-S0 1495 !0.74 5.65 0.26 0.67 –
BAMB-S1 1395 !6.48 !0.09 0.62 0.56 92
BAMB-S2 1395 !7.49 !1.11 0.64 0.56 38
BAMB-S3 1395 !8.41 !2.03 0.84 0.55 66
BAMB-S4 1395 !9.34 !2.96 0.77 0.58 51
IAMB-S1 1395 !0.61 5.89 0.21 0.32 24
IAMB-S2 1395 !3.16 3.33 0.40 0.22 46
IAMB-S3 1395 !7.18 !0.69 0.69 0.16 48
IAMB-S4 1395 !8.39 !1.89 0.82 0.14 46
IAMB-S5 1395 !9.63 !3.13 0.88 0.17 40
HDM-S1 1395 !0.70 5.68 0.23 !0.04 38
HDM-S2 1395 !6.58 !0.19 0.50 !0.09 41
HDM-S3 1395 !7.69 !1.30 0.50 !0.13 47
HDM-S4 1395 !8.41 !2.03 0.80 !0.09 39
LDM-S1 1395 !0.78 5.61 0.23 !0.23 24
LDM-S2 1395 !3.34 3.05 0.47 !0.16 44
LDM-S3 1395 !6.60 !0.21 0.74 !0.21 44
LDM-S4 1395 !7.63 !1.24 0.81 !0.16 45
LDM-S5 1395 !8.41 !2.03 0.85 !0.20 42

356 M.O. Chevrel et al. / Geochimica et Cosmochimica Acta 124 (2014) 348–365



for oxidized and 0.99 log unit for reduced melts. The Shaw
and GRD models are therefore reproducing best the exper-
imental data at high-temperature viscosity.

5.2. Calorimetric glass transition

The limiting fictive temperatures at the glass transition
are given in Table 5 for all the samples. The quality and

the reproducibility of the calorimetric curves ensure our
ability to determine the glass transition temperature and de-
pend strongly on the stability of the glass. The heat capacity
curves of the oxidized samples show a typical endothermic
peak at the glass transition through heating. However as
observed in Chevrel et al. (2012), the stable liquid field can-
not be reached because of the onset of crystallization imme-
diately above the glass transition (exothermal peak;
Fig. 8a). Even with a high cooling and subsequent heating
rate of 25 !C/min or when the heating is stopped just after
the peak, subsequent glass transition measurements on the
same sample are shifted to higher temperatures. This shift
toward high temperature may be attributed to the change
of melt composition because of some crystallization or
change in redox-state. For the most oxidized sample, a
good reproducibility of the measurements was therefore
not possible and the relationship between the glass transi-
tion temperature and the cooling history was biased (in-
verse relationship between cooling rate and T0f ).

In contrast, the reduced samples measurements were
reproducible (within 3 !C), and the relation between T0f
and the cooling rate is consistent with previous studies
(Fig. 8b). However, the shape of the heat capacity curve
shows peculiar patterns. The heat capacity curves of the
BAMB set of samples show very broad peaks forming a
plateau of !30 !C (Fig. 8c). It was also noted that for
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IAMB samples, a second peak was reached after some
100 !C after the first peak (Fig. 8d). In the literature there
are unfortunately no studies about double or broad peaks.
Only Kremers et al. (2012) observed a double peak that
they interpreted to be the mingling of two glasses with the
same composition but different redox state within a single
sample. Here, no direct proof of variable redox state could
be obtained, however in our study the chemical heterogene-
ity (previously discussed) may be the reason for such fea-
tures. The difference in glass transition temperature
calculated with the GRD model at g = 1012 Pa s between
the two conjugate melts (LFe and LSi) in the BAMB-S1
samples is of 20 !C and seems to correlate with the broad
peak dimension. However, for IAMB-S4-LFe and -LSi
melts, the glass transition temperature difference calculated
with the GRD model at g = 1012 Pa s, is of about 11 !C;
therefore the two peaks in Fig. 8d are too far apart to be
attributed to only variable compositions and redox changes
might be additionally involved. Although it may not be the
case as a general rule, the melt with less Si and more Fe
(LFe) is expected to have a lower glass transition tempera-
ture than the conjugate Si-rich, Fe-poor melt (LSi). Hence,
the first peak may correspond to the Fe-rich melt, the closer
to the initial composition and the second peak to the Si-rich
melt.

In order to get the best estimate of the glass transition
temperature for the samples, we therefore preferred to esti-
mate the limiting glass transition temperature (T0f ) only for

the first peak, and at the onset of broad peak, that are the
most likely to correspond to the composition which is both
the most Fe-rich and closer to the starting melt
composition.

5.3. Viscosity near the glass transition

Despite the challenges discussed above, total tempera-
ture errors (instrumental errors plus standard deviation
from repeated measurements) are within ±4 !C. The tem-
perature dependence of viscosity near the glass transition
is calculated and the error on the viscosity values is esti-
mated at ±0.37 log Pa s. As mentioned above, the rela-
tionship between T0f and the cooling rate was difficult to
obtain for the oxidized samples. The best estimation was
therefore obtained with the first heating segment after
controlled cooling rate (20 or 25 !C/min). The viscosity
calculated at T0f with the GRD and Hui and Zhang mod-
els are compared with the values estimated here (Fig. 7).
The GRD model produces viscosity values within the er-
rors associated with the calorimetric method with RMSE
of 0.86 log unit for oxidized and 0.63 log unit for reduced
samples, while the Hui and Zhang model yields results
exceeding the measured values by several of orders of
magnitude with a RMSE of 4.9 log unit for oxidized
and 5.85 log unit for reduced samples. Only the GRD
model is therefore adequate to estimate the viscosity–tem-
perature relationship near the glass transition tempera-
tures, though improvements should be done to
incorporate such Fe-rich composition and redox-state in
the model.

The parameters of the Arrhenian relationship (Eq. 1)
near the glass transition temperature could not be obtained
for the oxidized sample as only one viscosity data point was
obtained. The fitting parameters for the reduced samples
are given in Table 3.

5.4. Non-Arrhenian parameterization over the entire range of
temperature

The entire viscosity data set for the oxidized and the re-
duced melts is fitted with a non-Arrhenian empirical rela-
tionship given as the Tammann–Vogel–Fulcher equation:

log g ¼ ATVF þ BTVF =ðT $ CTVF Þ; ð3Þ

where T is melt temperature (K) and ATVF represents a low-
er limit of silicate melt viscosity at infinite high temperature,
and is approximately the same for all silicate melts (Myul-
ler, 1955; Eyring et al., 1982; Angell, 1985; Russell et al.,
2002, 2003). The optimal value for ATVF is still debated
but, here, the data were fitted using a preferred value for
Fe-rich basaltic melts of $4.125 ± 0.4 (Chevrel et al.,
2012) that slightly improves the quality of the fit compared
to the common value proposed by the GRD model
(= $4.55 ± 0.21). The BTVF and CTVF parameters depend
on the melt chemical composition. All parameters are given
in Table 6.

In Fig. 9, the results are compared with the viscosity of
some selected terrestrial and lunar Fe-rich basalts. At
superliquidus conditions, the martian basalts viscosities

Table 5
Limiting fictive temperatures (T0f ) estimated from the heat capac-
ities curves measured after various cooling and subsequent heating
rate of 25, 20, 15 and 10 !C/min.

Cooling rate (!C/min) T0f (!C)

25 20 15 10

AdMB-S2 670 – – –
AdMB-S4 635 659 666 664
AdMB-S5 630 636 636 638
AdMB-S6 629 628 625 620
AdMB-S8 637 635 631 628
BAMB1-S0 673 – – –
BAMB1-S1 654 657 656 653
BAMB1-S2 635 635 634 629
BAMB1-S3 646 643 640 628
BAMB1-S4 654 652 647 641
BAMB1-S5 647 646 643 638
IAMB-S1 – 632 – –
IAMB-S2 – – – –
IAMB-S3 634 630 627 627
IAMB-S4 632 625 623 619
IAMB-S5 628 625 618 615
HDM-S1 – 650 – –
HDM-S2 638 637 632 629
HDM-S3 646 642 639 632
HDM-S4 638 636 631 624
LDM-S1 – – – –
LDM-S2 – – – –
LDM-S3 624 622 618 612
LDM-S4 623 620 617 611
LDM-S5 631 626 624 620
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are as low as those of the Fe–Ti-rich lunar basalts and
among the lowest viscosity recorded for the terrestrial ferro-
basalts. As anticipated in Chevrel et al. (2012), the viscosity
of martian basalts is between 0.5 and 1 order of magnitude
lower than terrestrial tholeiitic basalts at all magmatic
temperatures.

6. DISCUSSION

The viscosity of all studied compositions are less than
1 Pa s at liquidus temperatures. The magma rise speed
may be calculated from equations given in Wilson et al.
(2009). With such low values of viscosity, the Reynolds
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Fig. 8. Heat capacity curves as a function of temperature. (a) Example of sample AdMB-S2 equilibrated in air and AdMB-S6 equilibrated
under reduced condition. The sample equilibrated in air shows crystallization (exothermal peak) after the glass transition is crossed and
repeated measurements of the glass transition temperature are shifted to higher temperature. In contrast the sample equilibrated under low
oxygen fugacity are reproducible and no crystallization occurs. (b) Example of sample AdMB-S6 that shows a normal evolution of the glass
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IAMB-S4 that shows the occurrence of double peaks.

Table 6
Fitting parameters of the TVF equation for the oxidized and reduced melts using a common ATVF value T0f is the limiting fictive temperature
obtain for a cooling and subsequent heating rate of 10 !C/min.

ATVF (log Pa s) BTVF (log Pa s/K) CTVF0 (K) RMSEa T0f 10/10

AdMB-S2 !4.125 4456 633.3 0.038 –
AdMB-S6 !4.125 4420 617.3 0.045 620
BAMB-S0 !4.125 4975 626.9 0.053 –
BAMB-S1 !4.125 4819 621.5 0.101 653
IAMB-S1 !4.125 4583 611.9 0.036 –
IAMB-S4 !4.125 4419 616.6 0.116 619
HDM-S1 !4.125 4185 655.3 0.038 –
HDM-S4 !4.125 4208 637.4 0.131 624
LDM-S1 !4.125 4216 628.0 0.034 –
LDM-S5 !4.125 4175 632.6 0.085 620

a Root Mean Square Error.
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number is above 2000 and the flow within the magma con-
duit is turbulent. Considering equations for turbulent flows,
a dyke width of 3 m, and a pressure gradient of 500 Pa/m as
in Wilson et al. (2009), the magma rise speed appears to be
greater than 10 m/s (or even higher if shear heating takes
place). These values are significantly faster than estimates
of Wilson et al. (2009) who considered a viscosity of
100 Pa s. Cooling will be therefore negligible during magma
ascent. Fractional crystallization should therefore remain
limited as long as the magma remains buoyant. Crustal
contamination and chemical interactions with the host
rocks should be also limited for the same reasons. These
low viscosities may be one of the key parameters to explain
the abundance of primitive magmas at the surface of Mars
(McSween et al., 2006b; Baratoux et al., 2011) and the
abundance of olivine in comparison with our planet (Poulet
et al., 2009).

Magmas are polyphase materials composed of a viscous
melt and suspended particles (crystals and bubbles). Their
apparent viscosity is therefore a combination of the melt
viscosity and the effect of the particles (e.g., Shaw, 1969;

Murase and McBirney, 1973; Ryerson et al., 1988; Petford,
2009). If the particle concentration is low (below the critical
volume fraction depending on the crystals shape and size
distribution) the physical behavior of the magma is con-
trolled by the viscosity of the melt phase that is Newtonian
(Lejeune and Richet, 1995; Costa et al., 2009). When the
crystal fraction becomes too high, the viscosity is no longer
controlled by the melt but by the particles network and be-
come non-Newtonian, strain-rate dependent (Caricchi
et al., 2007; Lavallée et al., 2007; Costa et al., 2009; Petford,
2009; Cordonnier et al., 2012). The viscosity of a flowing
basaltic lava increases during emplacement and cooling,
in a way that depends on the crystallization sequence
(e.g., Shaw, 1969; Marsh, 1981; Pinkerton and Stevenson,
1992; Crisp et al., 1994; Villeneuve et al., 2008). A basaltic
cooling-limited lava flow ceases flowing when its viscosity
reach a critical value associated with the interlocking of
the crystals network (near the random maximum packing
of crystals; e.g., Shaw, 1969; Murase and McBirney, 1973;
Marsh, 1981; Crisp et al., 1994). The following section
offers a framework to interpret the diversity of volcanic
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landforms on Mars and explore in which cases variations in
lava flow morphology may be comfortably related to vari-
ations in chemistry.

For this purpose, the viscosity of the magma
(melt + crystals) is calculated during the crystallization se-
quence for all the investigated compositions (except
HDM that is similar to AdMB). The melt phase is calcu-
lated using the most appropriate model for martian compo-
sitions, namely the GRD model as demonstrated
previously. The effect of crystals is determined using the
most sophisticated approach taking into account two pop-
ulations of crystals with various shapes and the non-Newto-
nian behavior of crystal bearing magmas (Costa et al., 2009,
using the fit of Cimarelli et al., 2011). The first calculation,
considers two populations of crystals: the mafic minerals
approximated with spherical shape and the plagioclase
approximated a needle-like shape. A second calculation
estimates the viscosity increase attributed to crystallization
of needle-like shape for mafic crystals corresponding to the
formation of spinifex textures, that is likely to happen in
magma with high-normative olivine content (Bertka and
Holloway, 1994; Bost et al., 2012). In both cases, the strain
rate is held constant at 1 s!1 that is reasonable value for
natural basaltic lava flow (Crisp et al., 1994).

The crystallization sequence can be directly modeled
using the low-pressure MELTS algorithm (Ghiorso and
Sack, 1995). According to petrographic observations of
the martian basalts and to experimental petrology, the
surface conditions are estimated by Monders et al. (2007)
and Herd et al. (2002) to be 1 bar under an oxygen fugacity
of QFM-1. The validation of using MELTS for Gusev

basalts, was tested by Monders et al. (2007) and shows
good agreement with experimental trend, although they
do not recommend the use of MELTS to calculate the
liquid lines of descent after a certain amount of crystalliza-
tion, when the residual liquid become too Fe-rich. Baratoux
et al. (2013) showed that mineral assemblages crystallizing
at these conditions from primary mantle melts correspond
to the observed mineralogy at the Mars’ surface consisting
in general of olivine, plagioclase, and a two-pyroxene
assemblage (Poulet et al., 2009). Moreover, the observed
evolution of the ratio of the low-calcium pyroxene (LCP)
to the high-calcium pyroxene (HCP) end-members from
the Late Noachian to the Amazonian periods would appear
as a consequence of the evolution of the conditions of melt-
ing (Baratoux et al., 2011) associated with planetary cooling
(Baratoux et al., 2013). We observe in Fig. 10 that AdMB
that has a similar crystallization sequence as HDM with
the two-pyroxene assembly typical of old martian terrains.
The crystallization of the LDM composition exhibits, as in
the case of komatiites, a very large temperature difference
between the liquidus and solidus temperature, that is over
300 !C. The crystallization sequence of the trachy-basalt
is distinguishable from the others with the lower proportion
of pyroxene (15%) and a large proportion of feldspar.

Fig. 11 shows the increase of viscosity for the four com-
positions as temperature decreases and crystallization takes
place. A sharp increase of viscosity with temperature occurs
when the crystal fraction approaches the maximum crystal
packing. The rate of the increase of apparent viscosity with
temperature starts decreasing at a critical crystal fraction
defining the rheological transition where the viscous
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behavior is no longer controlled by the melt but by the solid
framework (e.g., Lejeune and Richet, 1995; Costa et al.,
2009). This transition is the rheological limit of flow ad-
vance, which is likely to be recorded in the final morphol-
ogy of the lava flow (Giordano et al., 2007; Chevrel et al.,
2013). We note that the range of viscosity obtained here
is in agreement with typical viscosities of martian lava flows
obtained from morphometric analyses (Hauber et al., 2011;
Pasckert et al., 2012; Grott et al., 2013 and references
herein).

Although the melt formed by low degree of partial melt-
ing (LDM) has a lower viscosity than the one formed by
high degree of partial melting (HDM), the viscous behavior
during crystallization and the rheological limits at the crit-
ical crystal fraction are very similar (105–105.2 Pa s; Fig. 11).
This result indicates that it would be very difficult to distin-
guish these two types of lava from their flow morphology.
However, the calculated viscosity at the maximum packing
for these lavas in case needle-shape crystals would crystal-
lize (in particular as formed in spinifex texture) would be
around 103.5 Pa s as a result for a lower critical maximum
packing value. Differences in lava flow apparent viscosity
could then also be attributed to variable rates of cooling
and crystallization influencing the ability to produce spini-
fex texture rather than to differences between the viscosities
of the liquid phase. In detail, a silicate melt able to crystal-
lize spinifex-needle-like crystals would be interpreted as
having a low apparent viscosity using equations for the
emplacement of an isothermal Newtonian fluid (as the max-
imum crystals packing is reduced in the presence of nee-
dles). In this respect, the extremely low values of apparent
viscosity obtained for some recent lava flows in the Central
Elysium Planitia, on Mars (102 Pa s; Vaucher et al., 2009b)
are at the extreme lower limits of our range of predictions.

A larger viscosity difference between the primitive bas-
alts and the more alkaline-rich-basalt is found with ex-
pected values of 0.5 log unit at superliquidus regime and

1–3 log units at the crystal maximum packing (106–
108 Pa s). A factor of two for the magma rise speed is ex-
pected from the slight differences at magmatic temperature
between primitive basalts and the more alkaline-rich-bas-
alts. The larger difference at maximum packing suggests
that the morphology of alkaline-rich lavas may be distin-
guished from that of tholeiitic lava. A fraction or all of
the upper range of lava flows for which inferred viscosities
were found above 106 Pa s may be proposed as candidates
for the expression of effusive and alkali-rich basalts, re-
vealed by a minority of volcanic rocks at Gusev craters
and by new observations at Gale crater made by the rover
Curiosity (Sautter et al., submitted). Therefore, one does
not need to invoke the occurrence of basaltic-andesite or
andesite lavas to explain these relatively high viscosity val-
ues. Morphological, chemical, and mineralogical observa-
tions of volcanic provinces on Mars are therefore
reconciled within this new rheological framework, as the
diversity of lava flow morphologies would correspond to
basaltic compositions with variable contents of alkaline ele-
ments. This conclusion is also compatible with the study of
Warner and Gregg (2003) who estimated the viscosity of an
andesitic lava flow from Sabancaya volcano (Peru) to be
1010–1012 Pa s and therefore reject the possibility that lava
flow on Mars having viscosity of 106 Pa s could be
andesitic.

7. CONCLUSION

The viscosity measurements of iron-rich synthetic melts
representing the diversity of basaltic rocks found on Mars’
surface indicate viscosities similar to some Fe-rich basaltic
terrestrial and lunar lavas. A comparison with rheological
empirical models available in the literature reveals that
the GRD model (Giordano et al., 2008) is the best to repro-
duce experimental data at both superliquidus regime and
near the glass transition while Shaw (1972) model is only
suitable for high temperature and the model of Hui and
Zhang (2007) shows very large discrepancies. Estimation
of the apparent viscosity of crystallizing lavas is in agree-
ment with most of the value calculated from lava flow mor-
phology on Mars surface. The difference in chemical
composition of primary melts formed by various degrees
of mantle partial melting does not lead to major viscosity
variations and may not be recognized from their apparent
viscosity calculated from the morphological dimensions.
Low apparent viscosity (102–104 Pa s) inferred from the
morphology would be rather attributed to komatiite-like
lava flows and the higher values (106–108 Pa s) may be asso-
ciated to alkaline-rich lavas rather than Si-rich
compositions.
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APPENDIX A. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2013.08.026.
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