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This paper focuses on the shape of 31 shield volcanoes of small to intermediate size (a few tens of kilometers
in diameter) in 5 regions of Mars: Tempe Terra, Syria Planum, Pavonis Mons, Arsia Mons and central Elysium
Planitia. A model for the shape of these shield volcanoes is applied, based upon the concept of porous flow of
an unconfined aquifer proposed by Lacey et al. [Lacey, A., Ockendon, J.R., Turcotte, D.L., 1981. On the
geometrical form of volcanoes, Earth Planet. Sci. Lett., 54(1), 139–143] and developed by Turcotte and
Schubert [Turcotte, D., Schubert, G., 2002. Geodynamics. Cambridge University Press, second edition]. The
agreement between the topographic profiles and the theoretical shape suggests that the model is appropriate
and can be used to derive the product of flow rate and viscosity (Qµ). Estimates of Qµ are found to be
homogeneous within a given volcanic region, but show large differences from one region to another, values
generally decreasing with age (from oldest to youngest). Intrinsically, the method cannot separate the flow
rate from the viscosity, but independent observations on individual lava flows in Syria Planum and central
Elysium Planitia suggest that this evolution may be explained by decreasing magma viscosity with age.
Independent constraints on the viscosity are used to interpret Q variations between volcanic regions. Except
for Tempe Terra, and within error bars, relative effusion rates are essentially independent of volcano volumes,
suggesting that the size of a shield volcano is principally controlled by the duration of volcanic activity. The
specificity of central Elysium Planitia is emphasized, with highest flow rates associated with lowest lava
viscosity. However, the lower viscosities at central Elysium Planitia cannot totally explain low Qµ values.
Considering the equation of magma flow through a dike from a magma chamber at depth, to the shield, we
suggest that lower volatile contents and/or deeper magma chambers may contribute to the decrease of Qµ
values with time. Finally, the emplacement times of the 31 shield volcanoes were calculated using a
calibration based upon terrestrial volcanoes Mauna Loa, Eldborgir, and Skjalbreiður. Emplacement times of
martian volcanoes calculated in this way range from a few hundred thousand years (Tempe Terra) to a few
tens of thousands of years (central Elysium Planitia). Despite the simplicity of the model, the quality of the
fits and the internal consistency of the results are reasonable, encouraging development of more advanced
models linking shield volcano shape to rheological properties of lavas and their characteristic time-scales of
emplacement.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Shield volcanoes commonly form on terrestrial and planetary
surfaces. Examples on Earth include those in Iceland (Sigvaldason
et al., 1992, Fig. 1), Hawaii (Hasenaka,1994), Central Mexico and Idaho
(Greeley, 1992). On Mars shield volcanoes range in diameter from a
few tens of kilometers to hundreds of kilometers. Given that the
topography of large volcanoes is potentially complicated by possible
migration of the volcanic sources, deformation associated with flexure
oux).
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of the lithosphere and changes of eruptive style over time, we focus
here on the topography of smaller features, a few tens of kilometers in
diameter and a few hundred meters high. The Tharsis region on Mars
contains many such structures, for example, those documented by
Davis and Tanaka (1993) in Tempe Terra using Viking photoclino-
metric profiles, those on Syria Planum first recognized by Plescia and
Saunders (1982) and characterized usingMars Orbiter Laser Altimeter
(MOLA) and High Resolution Stereo Camera (HRSC) data by Baptista
et al. (2008), or the numerous shield volcanoes and vents described
south of Ascraeus Mons and Pavonis Mons, and within the caldera of
Arsia Mons (Bleacher et al., 2007a). In addition to the Tharsis region, it
is of note that 22 shield volcanoes have also been described in central
Elysium Planitia (Tanaka et al., 2005; Vaucher et al., 2006, 2009, in
revision) and these too are included in our analysis.
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Fig. 1. Top: Skjalbreiður volcano. Bottom: the Elborgir volcano (also named Lambahraun). These volcanoes are among the youngest on Earth. The Skjalbreiður volcano is at 1060 m
high, and its crater is 300 m diameter. The diameter at the base is ∼15–20 km. Eldborgir is 700 m high, and has a diameter of 10 km.
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Shield volcanoes form primarily from successive lava flows
erupted from the central vent, or from their flanks. Their growth is
thus principally controlled by the flow parameters of the lava. The
shape of such shields is distinct from cinder cones produced by
ballistic fall of pyroclasts, the slopes of the latter being a function of
the angles of repose of the volcanic and granular material (McGetchin
et al., 1974; Calvari and Pinkerton, 2004). Martian shield volcanoes can
be described by their diameter, height, aspect ratio, volume, and
median slopes (Rossi, 1996; Hauber et al., 2009-this issue). These
characteristics necessarily depend on primary factors, such as the
rheological properties of the lava and effusion rates, and in principle it
should be possible to extract rheological parameters from shield
morphology. In practice, this requires well established models for
volcanic construction, although numerous processes complicate this
task, such as parasitic eruptions, explosive eruptions, landslides, and
flank collapse. Models of volcano shape have nevertheless been
proposed, such as that of Annen (2001) who took into account the
relative contributions of magmatic intrusions and lava flows to
volcano growth. However, many features of the model of Annen
(2001) are the subject of debate, such as the spatial distribution of
magma sources which is assumed to be uniform. An alternative model
for the shape of shield volcanoes was proposed by Lacey et al. (1981)
and developed by Turcotte and Schubert (2002). In Lacey et al. (1981),
the flow of magma through the country rocks is compared to the flow
of groundwater through an unconfined aquifer. Transport of magma to
the surface is assumed to occur by porous flow through a pre-existing
matrix made from previously emplaced and solidified lava flows, and
in this case the surface of the volcano is equivalent to that of a phreatic
surface of an unconfined aquifer.

Turcotte and Schubert (2002) argued that the model satisfactorily
reproduces the shape of several terrestrial volcanoes, although previous
work by Wadge and Francis (1982) and Wood (1982) had highlighted
that (1) shield volcano shapes can be affected by ash falls, (2) the
Dupuit approximation is not valid in the vent region, and (3) the
theoretical shape does not reproduce the real shape of shield volcanoes.
Concerning the first of these issues, martian shield volcanoes are likely
formed almost exclusively from effusive eruptions. Indeed, there is no
evidence of strong explosive activity associated with the emplacement
of the shield volcanoes presented here, suggesting that the direct or
indirect role of volatiles on volcano shape is limited (e.g. density
changes of the melt phase or production of ash). Secondly, the Dupuit
approximation requires slopes dh/dxb1, which is the case for almost
all of the topographic profiles presented here. Thirdly, we note that the
shape of terrestrial volcanoes is complicated by plate motion, the
migration of magmatic centers, and erosion bywater, while the absence
of plate tectonics and the relatively low erosion rates onMarsmaymake
application of the model developed by Turcotte and Schubert (2002)
more straightforward in that context. Finally, porous flow models have
been successfully applied tomodelmagma ascent (Scott and Stevenson,
1986), with specific applications to Mount Etna (Bonafede and Boschi,
1992; Bonafede and Cenni, 1998) and oceanic ridges (Angevine et al.,
1984), providing further justification for exploration of the Turcotte and
Schubert (2002) model.

With these elements in mind we begin by reviewing the
mathematical derivation of shield volcano shape using the concepts
described by Turcotte and Schubert (2002). We then compare the
theoretical shape with 310 topographic profiles extracted from 31
shield volcanoes (10 for each volcano) from five regions of Mars.
Estimates of the product of flow rate and viscosity for each volcano are
then presented based upon the results of the model, along with an
interpretation of the results in the different volcanic regions. Finally, a
tentative estimate of the emplacement time of the martian volcanoes
is proposed, based on comparisonwith terrestrial shield volcanoes for
which the emplacement time may be independently constrained.
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2. The shape of shield volcanoes

2.1. Mathematical derivation of shield volcano shape

We review here the calculation of the theoretical shape of shield
volcanoes using the porous flow model of Lacey et al. (1981). In
cylindrical coordinates, Darcy's law is:

ur =
k
μ
dp
dr

ð1Þ

where ur is the radial Darcy velocity (volumetric flow rate per unit
area of the medium, which has the dimension of velocity), k is the
permeability, and p(r) is the pressure as a function of radial distance r.
The topographic profile of the surface of the volcano is h(r) and is
analogous to the phreatic surface of the unconfined aquifer. For small
slopes (dh/dxb1), the Dupuit approximation is valid, and the radial
Darcy's velocity is:

ur = − kρg
μ

dh
dr

ð2Þ

where ρ is the mass density of the fluid, g is the acceleration due to
gravity at the surface, and μ is the dynamic viscosity of the fluid. This
expression and those that follow do not apply to volcanic summits
where steeper slopes invalidate the Dupuit approximation. In
addition, because the summit may be strongly modified by caldera
collapse, no attempt is made to model the topography of the summit
region. As the volcano grows, mass conservation requires that:

AQ rð Þ
Ar

+ 2πr/
Ah
Ar

= 0 ð3Þ

where ϕ is the porosity of the matrix and Q(r) is the flow rate through
a cylindrical surface of radius r and of height h(r) given by:

Q rð Þ = 2/rhur = − 2πkρg
μ

rh
Ah
Ar

� �
ð4Þ

It is assumed that all the magma introduced to the central vent
reaches the surface. Consequently, it is necessary to set ϕ=1 in the
mass conservation equation. By substituting Q(r) in Eq. (3), we obtain
the Boussinesq equation in cylindrical coordinates valid in the limit of
the Dupuit approximation:

Ah
At

=
kρg
μr

A

Ar
rh

Ah
Ar

� �
ð5Þ

This diffusion equation can be solved using the two similarity
variables:

f =
kρg
μQ0

� �1=2
h ð6Þ

and

η =
μ

kρgQ0t
2

� �1=4
r ð7Þ

The Boussinesq equation can be transformed into a dimensionless
form:

f
d2f
dη2

+
df
dη

� �2
+

f
η
df
dη

+
η
2
df
dη

= 0 ð8Þ
Assuming a constant volumetric flow rate of material injected at
r=0, the boundary condition is:

lim
rY0

− 2πkρg
μ

rh
Ah
Ar

YQ0 ð9Þ

This boundary condition, expressed in terms of the similarity
variables, can be written:

ηf
df
dη

Y − 1
2π

ð10Þ

In addition to this boundary condition, there is a fluid flow front at
η=η0, while for ηNη0, f=0. From Eq. (8), this condition can be
rewritten as:

df
dη

� �
η=η0

=
1
2
η0 ð11Þ
2.2. Simulations of volcano growth

In this section we investigate the effects of the flow rate and
viscosity parameters on the modeled volcano shape. Eq. (8) is solved
numerically with the boundary conditions given by Eqs. (10) and (11)
to obtain the general form f(η) of shield volcanoes (see Appendix A).
Volcanoes are simulated assuming martian gravity (g=3.71), a
permeability value of k=10−6 m2 and a density of 2800 kg/m3. The
solutions are plotted for four combinations of viscosities (100 and
1000 Pa.s.) and flow rates (1×10−2 and 5×10−2 m3/s) as a function
of time (Fig. 2). Horizontal and vertical scales are identical to allow
comparison. From Eq. (7), the volcano front may be described by:

r0 = 1:16
kρgQ0

μ

� �1=4
t1=2 ð12Þ

The radius can be expressed as a function of the volume of the
volcano, as V=Q0 t, where t is the duration of the flow:

r0 = 1:16
kρg
Q μ

� �1=4
V1=2 ð13Þ

In general, viscosity affects the aspect ratio because flank slopes
steepen with increasing viscosity. This model prediction can be
assessed with the observed increase of flank slope with lava viscosity
observed in Hawaiian shield volcanoes (Bleacher and Greeley, 2008).
However, it is immediately seen from the equations that nothing can
be said about viscosity and flow rate independently from volcano
volume and diameter (or any other similar information describing the
steepness of the volcano slopes). This could be a strong limitation of
the model in the absence of independent data on lava viscosity or
emplacement time. However, it is still possible to use this information
to compare relative variations of the product Q μ.

2.3. Influence of gravity on volcano shape

Several eruption parameters are influenced by the acceleration due
to gravity, g, such as, the depth of the magma chamber, the pressure
gradient driving magma ascent, and the flow rate of the lava (Wilson
and Head, 1994). In the porous flowmodel, g appears in the numerator
of Eq. (6). This implies that for a given value ofQμ, theheight of a volcano
will be smaller on a planetwith higher gravity, while its diameterwill be
larger. In detail, the height of the volcano depends on g−1/2 and the
radius on g1/4 (Eq. (7)), satisfying mass conservation. This relation is
independent of the maximum height of volcanoes, a parameter which
scales with the thickness of the lithosphere, which is roughly
inversely proportional to the radius of the planet and thus inversely
proportional to gravity (Blasius and Cutts, 1976). Indeed, the model



Fig. 2. Simulation of shield volcano growth according to the model of Lacey et al. (1981) and Turcotte and Schubert (2002). The simulations correspond to 4 combinations of μ (100
and 1000 Pa s.) and Q (1×10−2 and 5×10−2 m3/s).

Fig. 3. Illustration of the adjustment methodology. Two cases are considered. In case
(a), the flow front is exposed on at least one side of the topographic profile, and the
maximum distance to the center of the volcano is equal to the volcano radius. For case
(b), only a fraction β of the volcano is exposed, and the maximum distance to the center
corresponds to β r0 where r0 is the radius of the volcano.
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considered here only applies when the topography is significantly
smaller than the maximum volcano height for a given planet (i.e.,
≈30 km for Mars, ≈10 km for the Earth). This will be the case for
the martian low shields considered in this paper.

2.4. Topographic profiles and adjustment method

In this section, we discuss the inverse problem and present our
method to adjust the theoretical shape to observed topographic
profiles. Topographic profiles were selected over each shield
volcano and adjusted, using the least squares method, to the
theoretical shape given by the numerical solution of Eq. (8). The
origin of the x-axis is taken at one extremity of the profile, and the
center of the volcano is considered as an unknown. An initial
estimate of the location of the volcano center is given by visual
inspection of the profile. A possible spatial domain for the center
was also defined, and 30 equally spaced center locations were
chosen within this domain. For each center location, the radial
distance is converted to a non-dimensional radius. Two cases are
considered here (Fig. 3): (a) it is assumed that the profile represents
the entire volcano flank, and (b) it is assumed that the profile
represents only a fraction of the volcano (i.e., part of the volcano is
buried). In the first case, the distance to the center is divided by the
maximum distance dmax to the center and multiplied by 1.16, as the
base of the volcano occurs at a non-dimensional radius of 1.16. For
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the second case, distances are converted to non-dimensional radii
dividing them as in the previous case by the maximum distance
dmax to the center and thenmultiplied by 30 different values ranging
from 0.16 to 1.16. We define β as the proportion of the observed
volcano such that dmax=β r0. For case (b) 900 pairs of c and β
values are considered and for each pair of values, a least squares
minimization of the following function is performed:

F =
XN
i=0

γhi
1:16d
2

β xi−cð Þ
� �

− fi
d
2
β xi−cð Þ

� �� �2
; ð14Þ

where fi,ηi are sample points of the numerical solution of Eq. (8), hi is
the height of the volcano with respect to its base at non-dimensional
radius ηi, N is the number of sample points, xi is the distance along the
topographic profile with the origin taken at the intersection of the
volcano flank with the plain, and c is the location of the center of the
volcano. γhi is the non-dimensional height with γ corresponding to
(kρg/μQ)1/2 (Eq. (8)). The optimal values of γ are determined for each
pair of c and β values and the associated value of F (the residuals)
recorded. Cases where part of the volcano is not exposed (βb1)
correspond to burial of the volcano base by lava flows emanating from
neighboring eruptions post-dating the formation of the studied shield.
For these volcanoes, the real radius can be determined from the non-
dimensional radius of 1.16 at the flow front and the value of γ. The
thickness of the material covering the volcano base can be obtained
from γ and the value of f at dmax corresponding to the contact with the
emerged part of the volcano.

From the determination of the optimal value of γ, one may
estimate the product of Q μ. The optimal Qμ values were determined
for all couples of c and β values. The residuals of each fit are also
represented as a function of c and α. As suspected by Vaucher et al.
(2009), the inverse problem for β is often poorly constrained. While it
is generally possible to derive an optimal value of β corresponding to
the lowest residual, this value is typically associated with a large error
bar. Consequently, estimates of Q μ are given for both β=0 and for the
optimum value of β, or alternatively for a preferred value of β if the
degree of embayment can be constrained from independent observa-
tions. In practice, as the shape of the volcano is never perfectly
axisymmetric, several profiles are taken in various directions, and
average values of γ and Q μ are computed with the associated
standard deviations. The formal errors corresponding to individual
least squares fits for each profile are used to estimate average values of
γ and Q μ. For instance, for the average value bγN, we calculate:

b γ N =
XN
j=1

γj

σ2
j

PN
i = 1

1
σ2

i

ð15Þ

where N is the number of profiles for a given volcano and σj is the
error of γj associated with the fit of the profile j.

The inverse problem has three parameters, the center of the
volcano c, the fraction of the volcano observed β and the quantity γ
from which the value of Q μ can be derived. In order to test the
robustness of the inverse problem for a partially buried edifice, and to
determine to what degree the three parameters can be constrained, a
synthetic volcano shape has been simulated using the values:
Q=0.05 m3/s, t=20,000 years, k=10−6 m2, μ=100 Pa s and
g=3.7 m s−2. A fraction of the profile is extracted (indicated by the
two arrows on Fig. 4), such that the exposed fraction of the simulated
volcano is 60%. The simulated topographic profile is then used as the
input data for the inversion procedure which consists in the
determination of the optimal value of γ for each pair of β and c
distributed over a 30×30 regular grid. The optimal value of Qμ
corresponding to the global minimumof the residuals equals to 5.06±
0.20 J which is very satisfactory (the 1% offset from the initial value of
5.0 J results from the resolution of the grid for the parameters c and
β). We thus conclude that inversion of Qμ values from topographic
profiles should not cause any difficulty. The residuals, as shown on the
bottom of Fig. 4, indicate that the volcano center is also easily located
from the inversion procedure. The correct value of β=0.6 is also
obtained, but associated with a broad minimum (Fig. 4). Considering
accuracies fromHRSC orMOLA topography onMars, the fraction of the
observed volcano will be thus difficult to constrain, even in the ideal
case of a volcano that has not been affected by erosion. This limit is
intrinsically due to the geometric properties of the theoretical shape.
As a consequence, no attempt was made to give accurate estimates of
β andwewill limit the interpretation of our data to indicatewhether a
volcano is most likely to be entirely exposed or, alternatively whether
a significant fraction is buried beneath the present-day surface.

3. Application to martian shield volcanoes

3.1. Geologic setting

The location of the shield volcanoes considered in this study is
indicated on Fig. 5. In addition to Central ElysiumPlanitia, for the Tharsis
region, volcanoes are grouped into four regions, Tempe Terra, Syria
Planum, Pavonis Mons and Arsia Mons. Each volcano is labeled using
three characters referring to the region (Tmp for Tempe Terra, Syr for
Syria Planum, Pav for Pavonis Mons, Ars for Arsia Mons, and Cep for
Central Elysium Planitia) followed by a character. The geographic
coordinates of each volcano are given in Table 1. A brief geologic setting
of each region is provided, in rough chronological order, from oldest to
youngest. North of the Tharsis dome, shield volcanoes occur in Tempe
Terra (Davis and Tanaka, 1993) dated as Hesperian (Moore, 2001;
Skinner et al., 2006) that range in diameter from 10 km to 150 km. The
volcanoes are aligned alongnorth andnorth-eastern trending faults, and
many volcanoes occur on grabens. The Syria Planum plateau covers
N300,000 km and is centered at ∼12°S, 256°E. It is bounded by faults
such as Noctis Labyrinthus to the north, and Claritas Fossae to the west
(Masson, 1980; Tanaka and Davis, 1988). The presence of shield
volcanoes was first suspected from Viking images (Hodges and Moore,
1994) and confirmed by Baptista et al. (2008). Their diameters range
from 10 to 30 km, with heights b200 meters; effusion rates
estimated from individual lava flows are of the same order as
Tharsis Montes (up to several thousand m3/s (Baptista et al.,
2008)). The volcano-tectonic activity at Syria Planum was dated as
Hesperian (3.5–3.7 Gy) by Baptista et al. (2008). This region is also
characterized by a thick crust (80 km) possibly associated with a
thin lithosphere at the time of magmatic activity, implying
shallower sources of magma relative to the other sources that
gave rise to the Tharsis Montes. Shield volcanoes were also mapped
on caldera floors of Ascraeus Mons, Pavonis Mons and Arsia Mons
(Bleacher et al., 2007b). These shields affect some terrains
considered as young volcanic surfaces of Amazonian age (Skinner
et al., 2006). A total of 95 low shields were identified, which are
generally organized along a north-south direction. 22 shield
volcanoes were documented in central Elysium Planitia (Vaucher
et al., 2009, in revision) in the unit corresponding to the youngest
lavas mapped by Tanaka et al. (2005) and Vaucher et al. (2006, in
revision). Some of these shield volcanoes were dated at b100 Ma.

3.2. Comparison between topographic profiles and theoretical shapes

High-Resolution Stereo Camera (HRSC, Mars Express) and Mars
Orbiter Laser Altimeter (MOLA, Mars Global Surveyor) Digital
Elevation Models (DEM) were used in this study. For each volcano,
we show one of the 10 profiles and the corresponding fit obtained
from themethod described in Section 2.4 (Figs. 6–9). For each volcano
the location, volumes, and estimates of γ (in km−1) are shown in
Table 1 assuming that the volcanoes are entirely exposed (β=1). In
general, the fits are very good and residuals (root mean squares) are



52 D. Baratoux et al. / Journal of Volcanology and Geothermal Research 185 (2009) 47–68
generally b10 m, arguing for the validity of the model. In addition,
results suggest that the effects of erosion are minimal even if some
volcanoes are N3 Gy old. This idea is consistent with the fact that
leveed lava flows a few tens of meters thick are observed on Syria
Planum (Baptista et al., 2008).

In addition to these results, we have also explored the possibility
that only a fraction β of the volcano is exposed, although, as discussed
in Section 2.4, derived values of β will be associated with large error
bars. Such analysis is also potentially useful to determine the relative
chronology between shield volcanoes and the surrounding material.
In general, two patterns are found when residuals are reported as a
function of c and β. In most cases, the minimum residuals are found
for β=1 (i.e. the volcano is entirely exposed). In some other cases, the
minimum values are found for low values of β (generally b0.1), while
in a few cases, a broad minimum appears centered at a value of β
ranging from 0.1 to 1 suggesting that the exposed fraction could be
constrained for these volcanoes. In light of these results, the residuals
associated with each profile and for each volcano are examined, and
classified into four categories (Fig. 10):(1) residuals are minimum for
β=1, (2) residuals are minimum for undetermined values of β less
Fig. 4. Top: a simulated topographic profile of a shield volcano with Q=0.05 m3/s, t=20,0
function of c and β.
than 0.1, (3) residuals display a minimum for an intermediate value of
β ranging from 0.1 to 1, and (4) the pattern of the residuals does not
show any clear minimum and the situation is considered undeter-
mined. The corresponding value of β is only shown in the third case.
The percentage of profiles corresponding to each of the above
categories is reported in Table 2. The average value (and standard
deviation) of β is reported when several profiles fall into the third
category. As the error bar on β is very large, the value of β should be
considered with caution, even when the standard deviation obtained
from several profiles is low. Table 2 shows that undetermined cases
are rare and that the results for a given volcano are generally
consistent among the profiles, with the exception of Syr7, Tmp3,
Tmp4, Tmp5 and Pav1 for which slight discrepancies are reported.
These discrepancies are generally limited to one or two profiles which
may simply correspond to a local effect, not excluding the possibility
that the base of the volcano is incorrectly identified given that the
edges of profiles are selected from visual inspection of images and
topographic data. In many cases, the volcano is entirely exposed and a
fair proportion is confirmed by 100% of the topographic profiles for a
given edifice. In particular, it is found that all the volcanoes in Syria
00 years, k=10−6 m2, μ=100 Pa s and g=3.7 m s−2. Bottom: residuals of the fit as a



Fig. 5. Locations of the shield volcanoes studied: Tempe Terra, Syria Planum, Pavonis Mons, Arsia Mons and central Elysium Planitia.

53D. Baratoux et al. / Journal of Volcanology and Geothermal Research 185 (2009) 47–68
Planum are entirely exposed, suggesting that they all postdate the
terrain on which they formed. For the case of partial burial, the most
spectacular case corresponds to the c volcano in central Elysium
Planitia for which a relatively large thickness of lava cover is
Table 1
Reference and coordinates of the shield volcanoes with volumes, areas, γ and Q μ estimates

Reference Longitude
(°E)

Latitude
(°)

Volume
(km3)

Vapp/ext Vcor

Tmp1 265.25 36 255 278
Tmp2 274.8 36.6 181 280
Tmp3 271.5 36.5 93 191
(B) 271.5 36.5 1714 682
Tmp4 272 35.5 40 53
(B) 272 35.5 478 190
Tmp5 277.4 33.7 11 16
Tmp6 270.8 37 126 169
SyrA 255.8 −13.77 869 2402
Syr2 259.5 −14.45 51 76
Syr3 258.95 −14.35 60 31
Syr4 258.42 −14.36 41 48
Syr5 257.6 −14.3 169 194
Syr7 258.6 −14.6 43 74
Syr8 259.17 −14.71 46 52
Syr9 259.55 −14.71 104 106
Syr12 258.33 −15.68 46 78
Pav1 245.77 −7.83 83 74
Pav2 256.67 −6.5 21 21
Pav3 245.3 −5.26 27 37
Pav4 245.82 −5.09 20 38
Pav5 245.58 −4.4 10 21
Pav6 245.71 −4.18 10 27
Ars1 239.16 −9.65 21 12
(B) 239.16 −9.65 113 44
Ars2 239.75 −9.41 46 102
Ars3 239.84 −8.97 38 172
Ars4 239.91 −8.8 10 110
Ars5 239.94 −8.6 17 95
Cepa 160.63 −0.01 148 208
Cepb 158.97 4.7 60 62
Cepc 159.95 6.93 214 264
(B) 159.95 6.93 2386 940
Cepd 162.93 7.84 274 110
Cepe 168.94 6.88 119 261

Syr, Tmp, Cep, Pav and Ars refer respectively to Syria Planum, Tempe Terra, PavonisMons, Arsi
of the volcano is observed (β=0.5). See text for the definition of Vapp, Vext, Vcor, Aapp and A
confirmed by 80% of the profiles. This interpretation was proposed
by Vaucher et al. (2009) and confirmed from stratigraphic relation-
ships determined with high resolution images of the contact between
the volcano and the surrounding plain.
.

Area
(km2)

γ
(km−1)

Qμ
(J)

Aapp Acor

2771 3018 2.71±0.25 1415±265
2020 3059 2.65±0.22 1475±240
1563 2147 2.73±0.19 1390±190

7650 1.98±0.13 2655±360
360 585 2.65±0.14 1470±160

2084 1.93±0.11 2780±310
173 222 9.37±4.76 118±120

1947 2294 3.44±0.59 875±300
8790 13335 1.48±0.38 4717±2400
471 815 2.63±0.38 1495±430
643 602 4.98±1.13 418±190
573 657 3.34±0.31 930±170

2247 1714 2.21±0.30 2117±580
727 980 3.47±0.59 860±290
720 711 3.72±0.74 750±300
721 1101 2.54±0.21 1600±270
661 1192 4.11±1.16 613±345
1177 1190 3.90±0.29 682±101
447 519 5.93±0.40 295±40
692 918 5.93±0.25 295±25
450 944 6.08±0.71 280±65
425 597 7.02±1.17 210±70
301 590 5.52±0.65 340±80
506 422 9.10±1.64 125±45

1500 6.57±1.10 240±80
1232 2080 4.91±0.46 430±80
1090 2978 4.19±0.25 590±70
586 1822 3.99±0.21 650±70
629 1950 5.52±0.65 340±80

3764 5518 6.44±0.45 250±35
2089 3238 13.03±1.39 61±13
6623 8646 8.60±1.54 140±50

30800 6.25±1.12 265±95
3793 3205 7.20±0.76 200±42
6350 8256 9.49±0.62 115±15

aMons and central Elysium Planitia. (B) refers to estimates assuming that only a fraction
cor.
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3.3. Surface area and volume of shield volcanoes

The first application of the porous flow model is to determine the
volumes and surfaces of the shield volcanoes including potentially
buried parts. When a volcanic edifice is entirely exposed, its area and
volume can be estimated directly from topographic data. For its area, the
Fig. 6. Selection of topographic profiles and adjus
contact of the base of the volcano with the surrounding plains is drawn
as a polygon, and the area inside the polygon is estimated numerically.
For its volume, a planar surface is optimized from points taken outside
the volcanic edifice and the volume of the volcano is calculated by the
difference between its topographyand theplanar surface. This operation
was done using the gridview software provided byH. Frey at denali.gsfc.
tments for shield volcanoes on Mars (part I).



Fig. 7. Selection of topographic profiles and adjustments for shield volcanoes on Mars (part II).
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nasa.gov/gridview. Apparent areas and volumes were estimated for all
shield volcanoes (Table 1: Vapp and Aapp).

When part of the volcano is covered, the value of β is used to
estimate the true area and volume of the volcano. The extrapolated
area Aext is given by:

Aext = π
dmax

β

� �2
; ð16Þ
where dmax is the maximum radial distance averaged over the
different profiles. The extrapolated volume Vext may be written:

Vext = Vapp +
Z dmax = β

dmax

2πh rð Þrdr + dmax

2

� �2
⁎z rð Þ; ð17Þ

where h(r) is the height of the volcano, and z(r) is the thickness
of material covering the base of the volcano. This expression can



Fig. 8. Selection of topographic profiles and adjustments for shield volcanoes on Mars (part III).
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be written as a function of β, γ and non-dimensional heights and
radii:

Vext = Vapp +
2π
γ

dmax

1:16β

� �2Z 1:16

1:16β
ηf ηð Þdη + π

dmax

2

� �2 f β⁎1:16ð Þ
γ

:

ð18Þ
In this expression, the second term corresponds to the buried
volume outside dmax and the third term corresponds to the buried
volume between the center of the volcano and dmax considering the
real elevation of the base of the volcano.

The topography of volcanoes was often influenced by obstacles,
especially in the case of coalesced edifices, which are common in Syria
Planumand ArsiaMons. In order to compare these volcanoes, it is useful
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to normalize volumes and areas with a standard case defined as a fully
developed and axisymmetrical shield volcano, using the porous flow
model. For the volume, the theoretical shape can be integrated assuming
axisymmetrical geometry as proposed above for the case βb1. In this
case, the integration is done for the entire volcano. As the fits are
excellent in all cases, replacing the topographic profiles with the
theoretical shape should have little consequence for the volume
estimate. Following this approach, the total volume for both cases
β=1 or βb1 is approximated by:

Vcor =
2π
γ

dmax

1:16β

� �2Z 1:16

0
ηf ηð Þdη ≈ 0:161

2π
γ

dmax

1:16β

� �2
ð19Þ

Corrected areas (Acor) are equal to extrapolated areas following the
definition of Aext in Eq. (16). When β=1, the corrected area reduces
to the area of a circle:

Acor = πd2max ð20Þ

For the non-buried cases (β=1), apparent and corrected areas and
volumes (Eqs. (20) and (19)) are shown in Table 1. For volcanoes where
βb1, a second line inTable1 contains extrapolated andcorrected volumes
Fig. 9. Selection of topographic profiles and adjust
(Eqs. (18) and (19)) and corrected areas (Eq. (16)). Where β=1 the
presence of obstacles whose areas were discarded for the apparent
volumecalculationexplainswhyvolume is systematically lower than that
which would have fully developed in the case of a perfectly axisymme-
trical shield. Corrected values are used systematically in the following, in
particular when comparisons between volcanoes are discussed.

4. Discussion

The theoretical shape given by the porous flow model matches the
shape of the small martian shield volcanoes, as shown above. We now
discuss the physicalmeaningof the parametersk,μ andQ and suggest that
the viscosity μ may be directly related to the viscosity of the lava. The
interpretation of the flow rate is then discussed using independent esti-
mates of viscosity, before calculating the emplacement times of the mar-
tian shield volcanoes, based on a calibration using terrestrial volcanoes.

4.1. Flow rate×viscosity as a function of volume

Qμ values derived from the fits of the topographic profiles linearly
depend on the permeability value chosen to represent the solidified
matrix throughwhich themagma ascends. Permeabilities of basalt are
ments for shield volcanoes on Mars (part IV).



Fig. 10. Illustration of 3 of the 4 possible cases for the residuals patterns as a function of volcano center andβ (the fraction of the volcano observed) Top: the lowest values of the residuals are
found forβ=1.Middle: the lowest values of the residuals occur for lowandundeterminedβ values (b0.1). Bottom: a broadminimumoccurs for an intermediate value ofβ ranging from0 to 1.
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Table 2
Table of the exposed fraction of each shield volcano. Syr, Tmp, Cep, Pav and Ars refer
respectively to Syria Planum, Tempe Terra, Pavonis Mons, Arsia Mons and central
Elysium Planitia.

Reference Entirely observed Partially observed Undetermined

βb0.1 0.1bβb1.0 β

Tmp1 80% – – – 20%
Tmp2 80% 10% 0.35±0.2 10%
Tmp3 10% 20% 70% 0.3±0.2 –

Tmp4 30% 40% 20% 0.2±0.1 10%
Tmp5 70% 20% – – 10%
Tmp6 10% 40% 50% 0.5±0.2 –

SyrA 30% 0% 20% 0.7±0.2 50%
Syr2 100% – – – –

Syr3 90% – – – 10%
Syr4 80% – – – 20%
Syr5 100% – – – –

Syr7 65% 20% – – 15%
Syr8 100% – – – –

Syr9 90% – – – 10%
Syr12 90% – – – 10%
Pav1 10% 10% 60% 0.1±0.1 20%
Pav2 70% – 30% 0.5±0.2 –

Pav3 80% – 20% 0.5±0.2 –

Pav4 100% – –

Pav5 100% – –

Pav6 100% – –

Ars1 – 100% – – –

Ars2 40% 10% 40% 0.7±0.1 10%
Ars3 60% – 20% 0.8±0.1 20%
Ars4 – – 100% 0.7±0.2 –

Ars5 100% – –

Cera 60% – – – 40%
Cerb 20% – – – 80%
Cerc – 80% – – 20%
Cerd 100% – – – –

Cere 100% – – – –

For each volcano a series of ten profiles has been extracted. The fraction of profiles
falling into one of the 4 following categories is reported: (1) the profile reaches, at least
for one side, the contact of the flow front with the surrounding terrain, (2) a fraction of
the volcano lesser than 10% is observed, (3) a minimum is observed for 0.1bβb1.0. In
this case, the value of this minimum and the standard deviations when several profiles
confirm this situation are reported, (4) no clear minimum for the residuals.
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known to vary by several orders of magnitude and the absence of
permeability measurements for the studied shield volcanoes is
unfortunate. However, we note that the relevant permeability most
likely concerns the ascent of magma through fractures and voids such
as lava tubes, etc. First of all, this will lead to effective permeabilities
much higher than those of “compact” basalt rock samples which have
permeabilities typically about 10−11 m2. Secondly, the fact that lava
will pass through fractured rock should act to reduce the variation
in permeability relative to that expected for compact samples. We
thus propose that the effective permeability is constant, with a
relatively high value of 10−6 m2. This value is consistent with a
medium having pores several centimeters in size, considered to
approximate typical voids found in fresh basaltic lava flows. This
choice directly affects calculated values of Qμ, and it should thus be
kept in mind that absolute values of Qμ may potentially be shifted to
lower values. With a value of permeability of 10−6 m2, estimates of
Qμ range from 103 J to 105 J (Table 1). Qμ estimates are calculated
first assuming that the base of the volcano is exposed. However,
according to the results presented in the Table 2, volcanoes Tmp3,
Tmp4, Cepc, Ars1 are most likely partly covered. Estimates of Qμ are
thus also given for these volcanoes considering the case βb1. As an
accurate determination of β values is not possible, we have arbitra-
rily chosen an intermediate value of 0.5 for the volcanoes Tmp3,
Tmp4, Cerc, and Ars1.

While estimates of Qμ range from a few hundred to a few thousand
Joules, they are relatively constant within a given volcanic region,
suggesting that similarities of the physical characteristics of the magma
source are revealed by this approach, including the dimension, depth,
and chemical composition of themagma. On the other hand, differences
from one region to another are observed. Volcanoes having similar
volumes but different Qμ estimates by several orders of magnitude
suggest differences in lava viscosity and/or effusion rates. In order to
extend investigation of the origins of the differences between volcanic
regions, the products Qμ are represented as a function of corrected
volcano volume (Fig. 11) as explained in Section 3.3. This figure clearly
shows two important features. First of all, Qμ values are, to a first
approximation, correlated with volcano volumes. These trends can be
fitted using a power law for each region. In regions where one or more
volcanoes are partly buried, two lines are given, assuming no or partial
burial. For the case of no burial, the following expressions describe
the data, where V is the volume expressed in km3:

Q μTempe = 741F 190 × V0:12 F 0:05 ð21Þ

Q μSyria = 116F 62 × V0:52 F 0:11 ð22Þ

Q μPavonis = 33F 18 × V0:64 F 0:15 ð23Þ

Q μArsia = 38:9F 25:9 × V0:55 F 0:14 ð24Þ

Q μCep = 11:6F 8:1 × V0:50 F 0:13 ð25Þ

Taking account of the idea that only 50% of the volcanoes Tmp3,
Tmp4, Ars1 and Cepc are exposed, the expressions for these three
regions become:

Q μTempe = 473F 116 × V0:26 F 0:04 ð26Þ

Q μArsia = 55:5F 60:5 × V0:47 F 0:23 ð27Þ

Q μCep = 7:45F 6:5 × V0:58 F 0:17 ð28Þ

These trends are represented by solid lines for non-buried cases
and dotted lines for buried cases in Fig. 11. The coefficients of the
power laws highlight the differences among regions. The exponents
associated with volumes are generally ∼0.5, except for the case of
Tempe Terra, which is four times lower. This coefficient increases
when the values for buried volcanoes (Tmp3 and Temp4) are
corrected leading to an average value of 0.5±0.14. In a rough
chronological order from theoldest to the youngest, Qμ values are
relatively high for Tempe Terra, intermediate for Syria, lower for
Pavonis and Arsia Mons, and lowest for central Elysium Planitia. It is
remarkable that Qμ estimates appear to decrease with the age of the
volcanic regions. Differences in Qμ values between Tempe Terra and
central Elysium Planitia are about two orders of magnitude. As the
method cannot separate the effusion rate from the viscosity, it is not
immediately clear which of these parameters controls the variations
in the product Qμ, although this point will be discussed in more detail
below.

4.2. Relative effusion rates as a function of volume

Themeaningof effusion rate in volcanic settings has been clarifiedby
Harris et al. (2007), and is briefly summarized here. The instantaneous
effusion rate is defined as the volumefluxof erupted lava that is feeding a
flow at any particular point in time. Time averaged discharge rates
consider volume fluxes averaged over a period of time. Eruption rate is
defined as the total volume of the lava emplaced since the beginning of
the eruption divided by the time since the eruption began.Mean output
rate is the final volume of erupted lava divided by the total duration
of the eruption. As a consequence of these definitions, instantaneous
effusion rate, time-averaged discharge rate, eruption rate, andmean output



Fig. 11. Viscosity×flow rate products as a function of volumes for martian volcanoes.
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rate consider volumes emplaced over increasing periods of time. In
addition to the temporal definitions, it is then necessary to define the
spatial scale at which these definitions are relevant, from that of
a single flow to that of a regional scale. The total volume flux feeding
all units across the entire compound flow field will give the total
effusion rate for all active units. Following these definitions, the
volumetric flow rate considered in the unconfined aquifer model
would correspond to the total effusion rate if all the surface of the
shield volcano were active during an eruption, which is not the case.
There is thus no direct equivalence between the flow rate involved in
the aquifer model and any definition of effusion rates. Consequently,
we will continue to use the term flow rate to refer to the parameter Q
involved in the porous flow model, while the term effusion rate (q)
will be used only when referring to lava eruption. A way to reconcile
the effusion rate q with the shape-derived flow rate Q would be to
normalize the former by the total area of the volcano, and the latter by
the total active area composed of all surface flows for one eruptive
event:

q = Q ×
a
A
; ð29Þ

where q is the average total effusion rate for a single eruption, A is
the area of the volcano, and a is the active area (or the area affected by
the single eruption). The relevant average value for the ratio a/A is
unknown and absolute effusion rates cannot be derived from this
model. However, it is possible to compare the results using Qμ esti-
mates normalized by the areas of each volcano (Fig. 12). When
presented in this way, the correlation with the volcano volume is no
longer apparent. Consequently, larger volcanoesmay essentially result
from eruptions of longer duration rather than from higher average
total effusion rates for individual eruptions. As observed previously, a
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general decrease of the area-normalized Qμ values is observed as a
function of the ages of the volcanic regions.

Taking the interpretation one step further, it is possible to compare
normalized effusion rates if independent values of viscosities are
available. Viscosity is a constant during growth in the porous flow
model, but is known to vary during lava emplacement and cooling
in association with crystal growth. However, considering that the
equilibrium surface is achieved during the flow of the lava within the
edifice before it cools, the relevant value for the viscosity parameter
should be the viscosity at magmatic emplacement temperatures.
Independentmeasurements of the rheology of lava flows exist only for
the shields in Syria Planum and central Elysium Planitia. In central
Elysium Planitia, lava flows were shown to be extremely fluid (less
Fig. 12. Viscosity×flow rate products normalized by
than 1000 Pa s following Jaeger et al. (2007) and Vaucher et al.
(2009)), which is also qualitatively suggested by the particularly low
slopes of the shield volcanoes. Following Baptista et al. (2008) and
Vaucher et al. (2009), values of 106 Pa s. were found for Syria and
adopted for all martian volcanoes, except for those of central Elysium
Planitia for which a viscosity of 103 Pa s was considered. It should be
kept in mind that regional differences may be related to these choices
of viscosity values and the consequences of alternative choices should
be discussed. Relative effusion rates (ER) were thus obtained from Q μ
values divided by volcano areas and the viscosity values indicated
above. ER values given in Fig. 13 as a function of volumes are also
normalized by the average of ER values including all volcanoes. We
note here that ER values are independent of the choice of the
the area of the volcano as a function of volumes.



Fig.13. Relative effusion rates as a function of volumes. Flow rates (Q) are obtained from independent estimates of viscosity (106 Pa s formartian volcanoes, except for those of Central
Elysium Planitia for which a value of 103 Pa s has been chosen). Then effusion rates are obtained by dividing Q by the volcanoes areas and values are finally normalized using the
average of all values.
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permeability value. This dependence between ER and volume can be
quantified by power-law relationships:

ERTempe = 8:15F 2:07 × V−0:81 F 0:06 ð30Þ

ERSyria = 0:52F 0:28 × V−0:20 F 0:12 ð31Þ

ERPavonis = 0:08F 0:04 × V−0:05 F 0:15 ð32Þ

ERArsia = 0:12F 0:08 × V−0:21 F 0:13 ð33Þ

ERCep = 8:42F 7:34 × V−0:11 F 0:17 ð34Þ
Considering that the volcanoes Tmp3, Tmp4, Ars1 and Cepc are
partly exposed (50%), the above equations become:

ERTempe = 4:97F 1:23 × V−0:67 F 0:05 ð35Þ

ERArsia = 0:11F 0:13 × V−0:20 F 0:22 ð36Þ

ERCep = 23F 16 × V−0:31 F 0:13 ð37Þ

Except for Tempe Terra, the relative effusion rates are, within
error, essentially independent of volume (exponent values are close to
zero). Among the values obtained, central Elysium Planitia displays
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the highest effusion rates. This result depends on the independent
viscosity estimates on Syria Planum and central Elysium Planitia
from individual lava flows using the Jeffrey's equation. As mentioned
in Vaucher et al. (2009) and Baptista et al. (2008) the absolute values
of viscosity could be offset as this equation has not been calibrated
for the martian environment. However, the relative variations of
viscosity between the Syria and the central Elysium Planitia volca-
noes should be real. Thus, we are confident in the relative differences
in effusion rates between these two regions. The cases of the other
volcanic regions cannot be addressed with confidence as we do not
have independent values of viscosity. It is thus not possible to
conclude with confidence about the evolution of effusion rate with
time. Furthermore, it is of note that effusion rates and viscosities
should be related, following the expression of Wilson and Head
(2002):

Q =
W2LP
8μd

ð38Þ

where W and L are the vent width and length, respectively, P is the
pressure driving the ascent of the magma, and d is the depth of the
roof of the magma reservoir. Thus, variations of Qμ with time may
reflect variations of L, P, or d rather than independent variations of
viscosity and effusion rates. In particular, the lower values of Qμ for
central Elysium Planitia, resulting from lower viscosities by three
orders of magnitude should be compensated by effusion rates three
orders of magnitude higher. However, this is not the case, as effusion
rates are only one order of magnitude higher. Estimating the average
dimensions of volcanic vents for the different regions is difficult
because the vents are often eroded and partly cover by lavas.
Systematic changes with time of vent dimensions have never been
suggested and seem unlikely. A lower pressure in magma chambers
at central Elysium Planitia due, for instance, to lower volatile con-
tents of the magma, can contribute to the decrease with time of Q μ
Fig. 14. Three selected topographic profiles of the Skjalbreiður, the Eldborgir (crosses) and the
values. This hypothesis is consistent with the idea that the present
martian mantle is likely depleted in volatile elements. Alterna-
tively, a volatile-poor magma of higher density or a lower density
of the crust may be responsible for the formation of magmatic
chambers at larger depths Wilson and Head (1994). Following
this idea, variations of Qμ values may be also controlled by magma
chamber depths.

4.3. Emplacement time

Results from the model can be used to constrain the emplace-
ment times for each volcano. It is not possible to obtain the
emplacement times for the volcanoes directly from flow rates
and volumes, as the proportion of time during which each
volcano is active and the average active area for each eruption
are unknown. Nevertheless, the emplacement time of the volcano
can be written:

T =
V
qp

=
VA
Qpa

~e
VA
Q

ð39Þ

where p is the average proportion of time during which the volcano is
active and ε is a factor equal to the unknown product pa. With the
objective to compare emplacement times, we assume that the
parameter ε is constant and the same on Mars and on Earth. With
this assumption, it is possible to calibrate the unknown parameters in
Eq. (39) from a known emplacement time of a terrestrial volcano.
Suitable terrestrial shields for the application of the Turcotte and
Schubert (2002) model have thus been assessed for this purpose.

4.3.1. Calibration from terrestrial shield volcanoes
Terrestrial volcanoes suitable for this application should meet

several requirements: (1) volcanoes built entirely from effusive
eruptions should be targeted, such that no modification of the shape
Mauna Loa (dots) and the result of the adjustment on the theoretical shape (plain line).



Table 3
Reference, coordinates, volumes and estimates of the flow rate×viscosity products for
terrestrial shield volcanoes.

Volcano
name

Ref. Volume
(km3)

Area
(km2)

γ
(km−1)

Qμ
(J)

Vapp/ext Vcor Aapp Acor

Eldborgir Eld 20.74 6.33 150 111 4.24±0.28 1530±200
(B) Eld 41 10.5 184 3.71±0.25 2000±275
Skjalbreiður Skj 60.7 33 180 174 1.27±0.06 16900±1600
(B) Skj 296 118 622 0.94±0.04 31260±2800
Mauna Loa Mau 12170 7056 5000 7970 0.28±0.04 350 000±91000

(B) refers to estimates assuming that only a fraction of the volcano is observed (β=0.5
for the Skjalbreiðurand β=0.8 for the Eldborgir). See text for the definition of Vapp/ext,
Vcor, Aapp and Acor.
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has resulted from intermittent explosive activity, (2) the volcanic
event should be young enough that the original shape of the volcano
has not been significantly affected by erosion, and (3) as the model
Fig.15. Top: a topographic profile of the Eldborgir (crosses) and two adjustments. The plain li
and the dotted lines result from an adjustment assuming that only a fraction of the shield ca
center of the volcano and of the fraction of the volcanowhich is sampled in the topographic p
the minimum is too broad to constrain quantitatively the real diameter of the volcano.
assumes constant viscosity during the emplacement of the shield,
volcanoes showing a significant evolution of the magma composition
should be avoided as this affects the physical characteristics of the
lava (e.g., variations of viscosity related to the silica content of the
lava). Best candidate volcanoes are the well known Icelandic
shields, Skjalbreiðurand Eldborgir. In order to apply the model on a
larger volcano, we also chose the Mauna Loa in Hawaii, even if the
longer history of the latter, the effects of erosion, the flexure of the
lithosphere and the evolution of magma composition (Bleacher and
Greeley, 2008) make it less suitable for this application. As the island
of Hawaii is composed of 5 volcanoes (Kohala, Mauna Kea, Huala-lai,
Mauna Loa, Kilauea), we have extracted topographic profiles for the
lava surface belonging to themajor volcano,Mauna Loa, using themap
given in Garcia et al. (2007).

SRTM data (resolution 3″ per pixel for Iceland, 1″ per pixel for
Hawaii) were used to extract 10 topographic profiles for each volcano.
The fit was achieved by assuming that each profile reaches the flow
fronts at least on one side (case a, Fig. 3). Three selected profiles for
ne corresponds to the assumption that the topographic profile extends to the flow fronts,
n be observed. Bottom: residuals of the adjustments as a function of the position of the
rofile. While the pattern suggests that only a part of the volcano is observed, the shape of
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each of the volcanoes are shown on Fig. 14. Estimates of the Qμ/k and
γ values averaged for the 10 profiles are given in Table 3. As for the
martian shield, a permeability value of 10−6 m2 is chosen for the
estimates of Qμ. Adjustmentswere alsomade assuming that volcanoes
are partly buried (case b, Fig. 3).

For Eldborgir, the adjustment is slightly better when one considers
that a part of the volcano is buried (Fig. 15) with residuals b10 m.
Eldborgir lava flowsweremapped by Sinton et al. (2005) revealing the
difficulty in obtaining a complete topographic profile that would
correspond to the theoretical shape. To the north, it is likely that part
of the lava flows are covered by an ice sheet, and have been partly
eroded by the advance and retreat of the glacier (Baratoux et al.,
2005). To the south, the emplacement of the lava was strongly
controlled by the rough pre-existing topography of eroded hyaloclas-
tite ridges and the flow of the lava was driven toward the southwest.
Given that we believe that a relatively large fraction of the Eldborgir is
likely exposed, a corresponding β value of 0.8 was chosen.

Skjalbreiður is older than Eldborgir and is partly covered by more
recent lavas (Sinton et al., 2005), and is also more eroded.
Geochemical data led Sinton et al. (2005) to distinguish two episodes,
suggesting different chemical and physical characteristics of the
magma. This complexity may partly explain higher (but acceptable)
residuals ranging from 10 to 20 m. The representation of the residuals
as a function of the center of the volcano and of the fraction of the
volcano exposed suggests that a relatively small fraction of the
volcano is actually observed. As illustrated in Fig. 16, the minimum
residuals of all the profiles suggest a value of βb0.6, but as explained
before, it is difficult to give an accurate estimate of this fraction. The
thickness of material covering the base of the volcano should not
exceed the local elevation (∼300 m), and a corresponding minimum
value of 0.5 was selected.

For Mauna Loa (Fig. 17), it is found for all profiles that it is not
necessary to invoke a buried fraction of the volcano. Minimum
residuals are generally b100 m per point. The base of the volcano is
taken as the contact with the sea, although the shield extends to the
ocean floor, ∼5000 m below sea level. However, we a priori consider
only the subaerial part for the fit because the topography of the
submarine part of the Mauna Loa is controlled by different processes
than in the subaerial environment. At depth, water pressuremaintains
effusive eruptions, and basalt is emplaced as pillow lavas. At shallower
Fig. 16. Residuals as a function of the position of the center of the volcano and of the fraction
small fraction of the diameter of this volcano is observed, and that it is partly covered by m
depth, the contact between the hot lavas and the water can become
explosive and results in the formation of hyaloclastites. In Hawaii,
hyaloclastites are found down to 900 m deep, overlying the pillow
lavas (Garcia et al., 2007). The accumulation of hyaloclastites formed a
plateau with steep slopes onwhich effusive volcanism took place from
the time eruptions started to occur above sea level. The fact that the
theoretical shape applies directly to the emerged part of the volcano is
consistent with this scenario of formation. In addition, the quality of
the fit indicates that we are not able to detect the signal due to the
deformation associated with the flexure of the lithosphere for a
volcano of this size.

The most robust estimate of the emplacement time is given for
Mauna Loa which is on the order of magnitude of 1 million years
(Clague and Dalrymple, 1987), while time scales on the order of
magnitude of hundreds/thousand of years are proposed for the
Iceland shields (Sinton et al., 2005). The emplacement time is thus
calibrated using the Mauna Loa emplacement time TML for all other
volcanoes:

T =
VA
Q

Qμð ÞML

VMLAML

TML

μML
ð40Þ

where the subscript ML refers to the values for Mauna Loa. Estimates
of emplacement times for martian volcanoes thus depend on the
inverse of the viscosity value adopted for the Mauna Loa. It should be
noted first that if the same value of viscosity for theMauna Loa and the
Iceland shields is used, the emplacement time for the Icelandic shields
is on the order of thousands of years, in good agreement with the
maximum emplacement times bounded by the ages of these
volcanoes (∼9000 years for Skjalbreiður and ∼3000 years for
Eldborgir, (Sinton et al., 2005)). Viscosities ranging from 102 to
106 Pa s have been suggested for lava flows in Hawaii (Table 4
Hiesinger et al., 2007; Harris and Allen, 2008). Viscosity values
obtained by direct measurements on terrestrial lava flows may differ
by one order of magnitude with viscosity derived on the martian
surface from the Jeffrey's equation. This level of uncertainty led us to
use the same viscosity between terrestrial shields and all martian
shields, inferred to be composed of basalts, with the exception of
those of central Elysium Planitia which were more fluid. Using this
calibration, the calculated emplacement times for the martian
of the volcano for the Skjalbreiður volcano. The shape of the minimum suggests that a
ore recent lavas.



Fig.17. Residuals as a function of the position of the center of the volcano and of the fraction of the volcano for theMauna Loa volcano. The shape of theminimum suggests, conversely
to the previous cases, that the volcano is entirely observed.
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volcanoes as a function of volume are shown in Fig. 18. This approach
demonstrates that the emplacement time increases with the size of
the volcano, as expected if average effusion rates are independent of
volumes. As for the other representations of the results, power-laws
between emplacement times and volumes can be derived:

EtimeTempe = 131F 33 × V1:80 F 0:05 ð41Þ

EtimeSyria = 2040F 1097 × V1:20 F 0:11 ð42Þ

EtimePavonis = 12815F 6935 × V1:04 F 0:15 ð43Þ

EtimeArsia = 8813F 5872 × V1:20 F 0:13 ð44Þ

EtimeCep = 127F 111 × V1:11 F 0:17 ð45Þ

When it is considered that 50% of the volcanoes Tmp3,Tmp4, Ars1,
and Cepc is exposed, the expressions become:

EtimeTempe = 440F 110 × V1:40 F 0:04 ð46Þ

EtimeArsia = 636F 693 × V1:74 F 0:22 ð47Þ

EtimeCep = 209F 144 × V1:00 F 0:13 ð48Þ

The emplacement times are expected to vary proportionally with
the volume if effusion rates are constant, which is generally the case
(exponents are close to 1), with the exception of Tempe Terra, for
which the exponent is closer to unity when corrected values for the
embayed Tmp3 and Tmp4 volcanoes are considered. An opposite
situation is found for the region of Arsia Mons region, suggesting that
the value β=50% for Ars1 might not be appropriate. It should also be
noted that Cepc is closer to the average trend for this region when
burial is taken into account. Emplacement times for all the volcanic
regions, with the exception of central Elysium Planitia, range from
several hundred thousands of years to a few million years. For central
Elysium Planitia shields, emplacement times as low as a few tens of
thousand of years are found. This approach is a unique way to discuss
the emplacement time of the small martian shield volcanoes because
crater counting methods cannot be applied for this purpose. The
results at central Elysium Planitia emphasize the unique nature of this
regional volcanic activity.

5. Conclusion

In this paper, the theoretical shape for shield volcanoes proposed by
Lacey et al. (1981) and Turcotte and Schubert (2002) was applied to 31
martian shield volcanoes from 5 regions. Low residuals suggest that the
similarity of the shapes of all small shield volcanoes on Mars can be
explained in the context of the model. In addition, results suggest that
the topography of the 31 shield volcanoes studied in this paper were
only slightly affected by erosion since their formation. Surprisingly, this
result is equally valid for both the recent shields of central Elysium
Planitia and for the ancient shields of Syria PlanumandTempeTerra. The
quantity Qμ (flow rate×viscosity) is derived from adjustment of
topographic profiles to the theoretical shape. For the calculation, a
constant value for the permeability of 10−6 m2 was assumed.

Values of the product Qμ correlate with the age of the volcanic
regions, with higher values of this product being found for the oldest
regions. Independent viscosity estimates at Syria Planum and central
ElysiumPlanitia suggests that the decrease ofQμ valuewith timemay be
influenced by viscosity variations but this idea cannot be confirmed
using the other regions on the Tharsis rise. Using these independent
viscosity values, it is found that relative effusion rates are homogeneous
for a given region, but that there are differences from one region to
another. Inparticular, the shield volcanoes in central ElysiumPlanitia are
characterized by lower viscosity and higher effusion rates. However, the
lower viscosity at central Elysium Planitia cannot fully explain the low
values of Qμ. Considering the equation of the flow of magma through a
dike from the magma chamber to the shield volcano, we suggest that
lower volatile contents and deeper magmatic chambers for young
volcanism may also contribute to the decrease of Q μ values with time.

Finally, using a calibration from terrestrial volcanoes (Mauna Loa,
Eldborgir and Skjalbreiður), emplacement times of the martian shields
were calculated. The calibration assumes that viscosity at Hawaii is
similar to the viscosity of the martian volcanoes, with the exception of
those of central Elysium Planitia, known to be composed of more fluid
lavas. Emplacement times of martian volcanoes may be thus offset if
these assumptions are modified. Despite these limitations, emplace-
ment times range froma few hundred thousands of years for Tempe
Terra to a few tens of thousands of years for Cerberus tholii. Although



Fig. 18. Relative emplacement times of martian and terrestrial shield volcanoes using the age of the Mauna Loa (1 millions year) as a calibration for the other volcanoes.
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one may argue that this simple model relies on several approximations
and assumptions, the derived results show an internal consistency, and
derived values for the relative effusion rates and emplacement times
appear reasonable. This suggests that the development of more
advanced physical models for the shape of shield volcanoes could be
useful to shed light on lava viscosity, effusion rates, and emplacement
time, from geometric characteristics. The differences between the
volcanic activity at central Elysium Planitia compared to other regions
of Mars raises issues concerning the formation of very fluid lavas in the
recent past, and the structure of the present lithosphere that leads to the
formation and ascent of such melts.
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Appendix A. Numerical solution of the shield volcano shape

The shape of the volcano is given as the solution of the following
equation:

f
d2f
dη2

+
df
dη

� �2
+

f
η
df
dη

+
η
2
df
dη

= 0 ð49Þ
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with the two following boundary conditions:

lim
rY0

− 2πkρg
μ

rh
Ah
A

YQ0 ð50Þ

ηf
df
dη

Y − 1
2π

ð51Þ

A first order numerical scheme was used:

fi
fi + 1 − 2fi + fi−1

Δ2 +
fi + 1− fi−1

2Δ

� �2
+

fi
ηi

fi + 1 − fi−1

2Δ
+

ηi
2
fi + 1 − fi−1

2Δ
= 0

ð52Þ

where Δ is the interval for η on the discrete grid. After some
manipulation the above equation can bewritten in the explicit form to
determine fi−1 from fi and fi+1:

f 2i − 1 + b fi−1 + c = 0 ð53Þ

where

b = 4fi − 2fi + 1 − ηiΔ − 2Δfi
ηi

ð54Þ

and

c = − 8f 2i + 4fifi + 1 + f 2i + 1 + 2
Δ
η
fifi + 1 + ηΔfi + 1 ð55Þ

Starting from the flow front, we use the boundary condition:

fn−1 = fn + 0:5 η0 Δ ð56Þ

where η0 is the unknown value of the flow front. Then, the second
degree equation is solved for each value, from fn− 2 to f1, where η1
is a positive small value as the profile tends to the infinity for η=0.
The largest solution of the second degree equation is chosen as the
height of the volcano increases toward its center. The value of η0 is
optimized such as the boundary condition at the summit is
satisfied.
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