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Introduction:  Several lines of evidence, includ-

ing the low density of small craters on some Martian 
volcanoes and the young isotopic ages of shergottite 
meteorites, suggest geologically recent volcanism on 
Mars [1]. With the recent volcanism as an important 
constraint, we explore the nature of present-day man-
tle convection using numerical simulations with tem-
perature-dependent and water-dependent Arrhenius 
viscosity [2]. For values of activation energy inferred 
from lab studies of olivine, a thermal Rayleigh num-
ber (defined at the core-mantle boundary tempera-
ture) of around 107 best fits the observational con-
straints, which include the recent volcanism rate, the 
range of melt fractions in the shergottites, and the 
heat flux out of the core inferred from the absence of 
a magnetic dynamo. These results require that pre-
sent-day mantle convection on Mars remains rela-
tively vigorous. Even small amounts of water (< 100 
ppm) significantly affects the mantle viscosity and 
magma production. On-going parameter trade-off 
studies may permit us to set tighter bounds on the 
current mantle water abundance. 

Geologically Recent Volcanism on Mars: The 
low density of impact craters on some martian volca-
nos imply that these volcanos have been active in the 
geologically recent past. Conversion of crater density 
to absolute age requires knowledge of the impactor 
flux, which is the subject of recent controversy [3-7]. 
Cratering age estimates for the youngest volcanism 
on Mars range from less than 5 Ma [4] to around 100 
Ma [5]. In either case, these flows are geologically 
young. Radiometric ages of the igneous shergottite 
meteorites provide additional evidence of recent vol-
canism. Many are 165 to 180 Ma, with some others 
ranging up to 475 Ma [8, 9]. A recent alternative in-
terpretation is that the young radiometric ages are 
due to aqueous alteration, with the actual igneous 
ages near 4.0 Ga [10]. For several meteorites, con-
cordant ages have been determined using several 
isotopic systems (Rb-Sr, Nd-Sm, U-Pb, Lu-Hf; [e.g., 
8, 9]). Because of the varying geochemical behaviors 
of the different elements in these isotopic systems, 
the most reasonable interpretation is that the concor-
dant radiometric ages are igneous formation ages. It 
is highly unlikely that concordant ages would result 
from alteration. The old U-Th-Pb ages in [10] are 
most likely the result of terrestrial lead contamination 
[9]. Taken as a whole, the cratering and isotopic ob-
servations both indicate geologically young volcan-

ism on Mars, which provides an important constraint 
on the thermal structure of the martian mantle and the 
nature of present-day mantle convection. 

Previous Models: Several different models have 
been proposed to explain young volcanic activity on 
Mars. Mantle plumes originate at a thermal boundary 
layer instability near the base of the mantle and are a 
natural consequence of mantle convection when 
some heat enters the base of the mantle from the 
core. Adiabaitic decompression melting in such 
plumes provides a logical explanation for the roughly 
point-source origin of individual volcanos [1, 2, 11, 
12]; similar plumes are thought to occur in locations 
such as Hawaii on Earth. Note that in such a model, a 
plume corresponds to a single large volcano such as 
Olympus Mons. Several plumes might be active in 
the Tharsis region at the present time; one should 
NOT think of Tharsis as a single, 5000 km wide 
plume [1].  

Several alternatives to the mantle plume model 
have been proposed but appear to be less likely. “Top 
down” convection invokes the presence of the spinel 
to perovskite phase transition as a way of induce up-
welling from the deep mantle without specifically 
invoking mantle plumes [13]. Our current knowledge 
of the structure of the martian interior is not suffi-
cient to determine whether or not the required phase 
transition occurs, but models which do include the 
phase transition occupy only a small portion of the 
parameter space permitted by the available geodetic 
constraints such as moment-of-inertia [13]; thus, this 
model has a low a priori probability. The insulating 
effects of  a thick, low conductivity crust have also 
been invoked to explain young volcanism without 
including plumes [14]. However, both Olympus 
Mons on the western edge of the Tharsis plateau and 
Elysium Mons have recent volcanic activity in re-
gions of relatively normal crustal thickness, which is 
not explained by this model. Finally, volcanism has 
been attributed to the thermal effects of very large 
impact basins forming early in martian history, but 
the predicted magmatism lasts less than 1 billion 
years [15] and thus would not explain very recent 
volcanism on Mars. 

Mantle Convection Model:  Prior models of 
mantle plume volcanism on Mars include models in 
spherical axisymmetric geometry with  both depth-
dependent viscosity [1] and temperature-dependent 
viscosity [2, 11] and in Cartesian geometry with tem-
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perature-dependent viscosity [12]. Here, we extend 
these models to include the effects of both tempera-
ture-dependent and water-content-dependent rheol-
ogy, using an Arrhenius form of the flow law [16, 
17].  

We use a finite element model to solve the partial 
differential equations for conservation of mass, mo-
mentum, and energy in spherical axisymmetric ge-
ometry [18]. The model domain is 1.0 ≤ r ≤ 2.0 in the 
radial direction, and 0 ≤ θ ≤ π/4 in the lateral direc-
tion (Figure 1). It is meshed with 128x128 elements, 
with a typical resolution of 13 km.  The model in-
cludes both internal radioactivity heating (4.1×10-12 
W/kg, [19]), which is partitioned between the mantle 
and the crust, and basal heating due to the heat flux 
out of the core. The surface and bottom boundaries 
are set with fixed temperature conditions and the side 
boundaries are thermally insulated. All four bounda-
ries are free-slip. An initial temperature perturbation 
is applied, causing a plume to form at 0=θ . Each 
model is run until a statistical steady state is reached. 
Magma production is calculated using the same for-
malism as in [1] and physical constants as in Table 1. 
In the current work, we have set the average martian 
surface temperature to be 220 K [20], rather than 205 
K as in [1]. 

 

 
Table 1. Physical constants used in these models. 
 

Water Effects on Melting and Rheology:  Most 
estimates of the present-day water content in the 
Martian mantle are a few hundred ppm or less [21-
24]. The recent water-saturated melting study of 
Médard and Grove [25] may be relevant to the early 
history of Mars but does not directly address melting 
at the low water contents that are thought to occur in 
the present-day mantle. We therefore apply the melt-
ing parameterizations of Katz et al. [26], which 
shows, for example, that 1000 ppm of water lowers 
the peridotite solidus by ~150 K at 5 GPa. We use 

the anhydrous solidus from Bertka and Holloway’s 
[27] melting study of a Mars-analog composition. 
We assume that for a given amount of mantle water, 
the decrease in the solidus temperature is the same 
for the Mars mantle as it is for the terrestrial mantle 
composition and therefore construct a series of wet 
solidii for different water abundances. Using these 
new values for the wet solidus, we calculate melting 
using the same computational approach as in Kiefer 
[1]. In our on-going work, we expect to improve 
upon this basic model in two ways. First, we are con-
sidering the possibility that the Martian mantle has a 
higher solidus temperature [28] than in the Bertka 
and Holloway model [27]. Second, our current mod-
els make the simplification that melt productivity is a 
uniform function of the temperature above the 
solidus. We are currently implementing a more real-
istic model in which melt productivity is low between 
the wet and dry solidii and increases once the tem-
perature exceeds the dry solidus [26]. Both of these 
effects will act to lower the predicted magma produc-
tion rate relative to the values shown here. 

For self-consistency, we also consider how water 
affects the mantle’s viscosity. The viscosity of oli-
vine aggregates decreases roughly linearly with in-
creasing water fugacity above a threshold fugacity 
[16, 17]. The translation from water fugacity to water 
content is temperature and pressure dependent [29]. 
As a first-order approximation, we assume that the 
viscosity of the Martian mantle decreases linearly 
with increasing water content if water content is lar-
ger than 5 ppm. 

 

 
Figure 1. The super-adiabatic non-dimensional tem-
perature is shown for an example case (see the text). 
The white region shows the location of decompres-
sion melt. 
 

Results: With more than 116 model cases, we 
have systematically explored the parameter space 
defined by thermal Rayleigh number (106-108), acti-
vation energy (E=100-300 kJ/mole), fraction of total 
radioactive heating that is partitioned into the crust 
(0.3-0.8) and mantle water content (up to 300 ppm). 

Seventh International Conference on Mars 3306.pdf



Figure 1 shows the model temperature field of an 
example case without water. The thermal Rayleigh 
number, defined with the basal viscosity, is 107. The 
activation energy is 160 kJ/mole, and 50% of the 
total radioactivity is partitioned into the crust. In this 
model, magma production occurs by adiabatic de-
compression melting and is limited to a small region 
in the head of the rising plume, shown in white. The 
model results, including the magma production rate, 
melt fraction, and surface and core heat fluxes, fall 
within constraints set by previous studies [1, 30-32]. 
A particularly important point is that the heat flux out 
of the core is low (11.3 mW/m2) due to the thick 
stagnant lithosphere, in agreement with the absence 
of a present-day magnetic dynamo [32]. 

Constraints on thermal Rayleigh number: The 
thermal Rayleigh number directly determines the 
vigor of mantle convection and the efficiency of heat 
transfer across the mantle. Increasing the Rayleigh 
number results in thinner boundary layers and higher 
heat flux. The thinner boundary layer permits more 
adiabatic decompression melting and thus increases 
the melting rate. Examples of these results are shown 
in Figure 2, which includes results for models with 
40% and 70% of the total radioactivity partitioned 
into the crust. These values bracket the likely condi-
tions on Mars, where gamma-ray spectroscopy sug-
gests that about half of the total radioactivity has 
been partitioned into the crust [33].  

The shaded regions in Figure 2 show the ranges 
permitted by observation. The upper bound on the 
core heat flux is 19 mW m-2 [32] and the recent vol-
canism rate is between 5x10-5 and 2x10-3 km2/yr 
(modified from [1] to allow for plausible uncertain-
ties in the impactor flux [6]). Figure 2a shows that 
our new models are compatible with the core heat 
flux constraint, which is an important improvement 
over earlier models with depth-dependent rheology, 
which predicted too much heat coming out of the 
martian core [1]. The melt production goes rapidly to 
zero when the Rayleigh number is decreased below 
the values shown in Figure 2b. The general conclu-
sion of Figure 2 is that models with thermal Ra 
around 107 are consistent with the observations. Al-
though not shown, such models also are consistent 
with observations of melt fraction based on trace 
element concentrations [30] and of surface heat flux 
based on gravity modeling of elastic flexure [31]. 
Preliminary calculations with a higher temperature 
solidus [28] require slightly higher Ra (or small 
amounts of mantle water) to explain the magma pro-
duction rate. 

Christensen [34] showed that non-Newtonian 
convection can be approximated by using Newtonian 

flow and an effective activation energy of E*=E/n, 
where E is the non-Newtonian activation energy and 
n is the stress exponent. For olivine, E=470 kJ/mole 
and n=3 [17], so we used a value of E*=160 kJ/mole 
in calculating Figure 2. In an alternative scenario, we 
consider diffusion creep dominated mantle convec-
tion (Newtonian flow), with E=292 kJ/mole [16]. For 
this rheology, the basal thermal Rayleigh number is 
about 1×108 to satisfy the magma production and 
heat flux constraints. For either scenario, the high 
thermal Ra indicates that the martian mantle is ac-
tively convecting at present. Contrary to some asser-
tions in the geochemical literature, this is not incom-
patible with observations of isotopic heterogeneity in 
the martian mantle (see discussion in [1]). 

 

 
Figure 2. Changes in the core heat flux (a) and the 
magma production rate (b) due to changes in the 
thermal Rayleigh number and to the amount of radio-
activity (“heat fraction”) partitioned into the crust. 
Shaded regions show values that satisfy observa-
tional constraints. Results assume a dry mantle. 
 

Effects of water: When water is added to the man-
tle, there are two important effects. First, the decrease 
in solidus temperature directly increases the rate of 
magma production. In addition, the decrease in man-
tle viscosity increases the convective vigor and re-
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sults in a thinner near-surface boundary layer. This 
permits greater adiabatic decompression in the plume 
and enhances melt production. 

We first set reference model cases with a range of 
activation energy, thermal Ra and radioactivity parti-
tioning. Model results of water effects with different 
reference model cases are similar. Here we focus on 
one reference case (dry Ra = 3.3×107, E = 292 
kJ/mole, crustal heat fraction = 0.5). As the water 
content increases from 5 ppm to 50 ppm, the mantle 
viscosity decreases by a factor of 10 and the solidus 
decreases by ~21 K. These cause the basal heat flux 
to increase by ~18 mW/m2 and surface heat flux to 
increase by ~4 mW/m2, indicating the thinning of 
both thermal boundary layers. Moreover, both the 
magma production rate (Figure 3) and melting frac-
tion increase significantly. 

The red curve in Figure 3 shows the effects of 
water on melt production, assuming a fixed (dry) 
solidus and allowing water to change only the viscos-
ity. The fact that melt production increases with in-
creasing water content shows that lithospheric thin-
ning is an important control on the melt production. 
The blue curve in Figure 3 includes the effects of 
water on both the solidus and the viscosity. Compar-
ing the two curves shows that at lower water content, 
the effect of viscosity change dominates. For larger 
water abundances, the change in solidus temperature 
is the dominant control on melt production. 
 

 
Figure 3. Magma production rates are plotted against 
water content. The water content in the reference 
case is assumed to be 5 ppm. The blue curve reflects 
water effects on both solidus and viscosity, and the 
red curve reflects water effects on viscosity only. 
 

If the mantle water content is as large as 100 
ppm, the reference Ra in dry condition must be 
smaller than 3.3×106 (basal viscosity > 0.9×1021 Pa s) 
for the model to satisfy constraints on melt produc-

tion rate and the absence of a magnetic dynamo. 
However, the basal viscosity may not be orders of 
magnitude larger than 1021 Pa s unless the core-
mantle boundary temperature is significantly lower 
than the reference value. Thus, the observed present-
day magmatism rate on Mars (<2×10-3 km3/year) may 
imply a mantle water abundance of less than a few 
hundred ppm. Our on-going parameter trade-off stud-
ies may ultimately permit us to set a tighter bound on 
present-day mantle water abundance. 
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