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[1] The southern half of the Tharsis region of Mars displays enigmatic variations in the
crustal magnetic field that are correlated with topography and the distribution of
volcanism. Radial magnetic field anomaly values (Br) at 400 km altitude are greater than
25 nT over areas at elevations less than about 6 km, Br = 0 over areas at higher
elevations where volcanism is also concentrated. Assuming that much of the uplift and
magmatism of Tharsis postdates the crustal magnetic field, we hypothesize that the
absence of radial field in the central part of the rise is related to enhanced heat flow from
an underlying mantle plume. A parameterized mantle convection model, combined with a
heat transfer requirement for crustal demagnetization and analysis of the dynamic
topography provides restrictive and self-consistent constraints on the plume structure,
excess temperature DTex and heat flux qp as well as the average elastic thickness de at
Tharsis at the time of uplift. These results lead, in turn, to bounds on the long-term average
magma supply from the mantle. DTex is found to be in the range 205–240!C and upper
bounds for de are 29–40 km, depending on the magnitude of the dynamic topography.
Assuming magnetite is the dominant magnetic carrier, these results imply also that the
lower 50–60% of the crustal column is raised above the Curie temperature and thermally
demagnetized. The plume heat flux qp ! 60–100 mW m2 and corresponds to melt
production rate Q ! 0.01–0.03 km3 a"1, comparable to minimum estimates determined
from geological data for the rate of Noachian-Hesperian volcanism.
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1. Introduction

[2] One of the most interesting observations of the
surface of Mars is the concentration of large shield volca-
noes on the Tharsis rise, where the majority of the planet’s
volcanism has occurred over the planet’s 4.5 Ga evolution.
It has been suggested on geological grounds that the rate of
volcanism was particularly intense in the early part of Mars’
history (i.e., the Noachian and early Hesperian epochs) but
has declined significantly over time [Greeley and Schneid,
1991]. This picture is consistent with a significant reduction
in mantle heat flow inferred from an increase in average
elastic thickness through time [Zuber et al., 2000;McKenzie
et al., 2002; McGovern et al., 2002] and is expected from
thermal evolution models [e.g., Kiefer, 2003; O’Neill et al.,
2007]. The thermal and volcanic history of early Tharsis
bears on two issues of particular interest. First is the
relationship between the rate of volcanic outgassing and
the production of an atmosphere sufficiently dense and
warm to permit liquid water at the surface in the Noachian

[Forget and Pierrehumbert, 1997; Jakosky and Phillips,
2001; Manning et al., 2006; O’Neill et al., 2007]. Second is
the temporal relationship between the uplift of Tharsis and a
now extinct Martian dynamo, which remains a matter for
debate [Nimmo and Stevenson, 2000; Schubert et al., 2000;
Arkani-Hamed,, 2004; Williams and Nimmo, 2004; Johnson
and Phillips, 2005; Lillis et al., 2008a, 2008b]. In particular,
does the enhanced volcanism at Tharsis imply a magnitude
of core heat loss sufficient to drive a dynamo [Stevenson,
2001; Williams and Nimmo, 2004] potentially beyond the
Noachian epoch? Alternatively, might such a mantle up-
welling impart a spatially localized ‘‘patch’’ of high heat
flux on the core-mantle boundary that could act to destabi-
lize or extinguish a preexisting dynamo (B. Sreenivasson and
A.M. Jellinek, manuscript in preparation, 2008)? The mantle
dynamics that might give rise to the localization and
remarkable longevity of Tharsis volcanism, as well as its
evolution in intensity over time, remain poorly understood.
Hypothetical models in which long-lived upwellings have
emerged include effects related to a possible spinel-
perovskite phase change [Harder and Christensen, 1996]
and to mantle layering [Wenzel et al., 2004]. However, both
pictures can imply differing heat transfer properties for
mantle upwelling into the Tharsis region and neither picture
is easily or uniquely reconciled with the rates of mantle
melting and volcanism inferred for early Tharsis.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, E09004, doi:10.1029/2007JE003005, 2008
Click
Here

for

Full
Article

1Department of Earth and Ocean Sciences, University of British
Columbia, Vancouver, British Columbia, Canada.

2Department of Earth and Space Sciences, University of California, Los
Angeles, California, USA.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JE003005$09.00

E09004 1 of 15

http://dx.doi.org/10.1029/2007JE003005


[3] A key constraint that is currently missing for thermal
evolution models of early Mars, and a primary motivation
of this work, is a reliable estimate of the Noachian heat flow
through the Tharsis region. Figure 1 shows a provocative
spatial correlation between the pattern of crustal magnetic
anomalies Br and topography at Tharsis that may provide a
clue to understanding the heat flow and melt production in
this region. Magnetic field anomalies at 400 km altitude
over the southern half of Tharsis have magnitudes that are
independent of azimuth but they are generally absent above
an elevation of #6 km. The major exception to this is the
presence of anomalies at high elevations over Claritas
Fossae as noted by Johnson and Phillips [2005]. The ratio
of the radius of this annular demagnetized region rd to the
radius of Tharsis Rth is about 0.6–0.7. Directly above
altitudes $6 km anomalies are large (>25 nT). On the basis
of several previous studies [e.g., Arkani-Hamed, 2004;
Johnson and Phillips, 2005] we hypothesize that the
absence of magnetic field anomalies at satellite altitude
reflects thermally demagnetized crust. We assume that prior
to the emplacement of the Tharsis plume the lateral and
vertical distribution, along with the type of magnetic carriers
are homogeneous over the region. In other words, the
absence of magnetic anomalies above central Tharsis and
the presence of strong anomalies below the 6 km altitude
contour are not intrinsic properties of the geology of the
crust or solely a consequence of upward continuation of the
surface field to spacecraft altitude. We note that no magnetic
anomalies are observed over the northern half of Tharsis, an
intriguing feature that we discuss below.
[4] A popular model for the origin of Tharsis is that the

uplift and construction of the topographic swell as well as
the associated volcanism are related to a mantle plume

[Harder and Christensen, 1996; Schubert et al., 2001;
Solomon et al., 2005; Williams et al., 2008]. That volcanism
has apparently persisted from the Noachian over much of
the planet’s history suggests that such a thermal upwelling
must also be spatially stable over time scales larger than that
for mantle convective overturn. The precise timing of this
plume relative to the proposed early dynamo is unknown. If
the arrival of the Tharsis plume at the base of the lithosphere
postdated crustal magnetization by an internal magnetic
field, as suggested by recent work [Lillis et al., 2008a,
2008b], then the absence of magnetic anomalies over areas
with elevations higher than 6 km supports a hypothesis that
the uplift of Tharsis was associated with the thermal
demagnetization of the central part of the region. As
discussed by Johnson and Phillips [2005], it is possible
that the earliest phase of Tharsis magmatism was contem-
poraneous with the end of a dynamo period. The important
assumptions for our model are simply that Noachian-aged
magnetized crust present beneath much of Tharsis was
exposed to an increased heat flux due to the Tharsis plume.
On the basis of the observed magnetization in the southern
highlands it is likely that much of this was preexisting
Noachian crust, but at least some of the sub-Tharsis crustal
column could have been magnetized during the earliest
stages of Tharsis magmatism.
[5] Enhanced heat transfer from such a localized upwell-

ing would raise the level of the Curie isotherm in the
lithosphere and also smooth intrinsic lateral variations in
magnetic crustal structure, depending on the radial thermal
structure of the plume. In general, the absence of magnetic
anomalies could reflect a large reduction in the depth-
integrated magnetization, unmagnetized crust, or crust that

Figure 1. Maps showing (left) radial magnetic field anomalies Br after Langlais et al. [2004] and (right)
topography from Mars Orbiting Laser Altimetry (MOLA) data for the Tharsis region. Whereas strong
magnetic fields occur below 6–7 km in the southern half of the approximately axisymmetric bulge,
virtually no magnetic fields are observed at higher elevations. Thick lines indicate the radius of the
demagnetized region as defined from the center of the topographic bulge O (small dashed circle). Thin
lines indicate the uncertainties on the center of the bulge and on the radius of the demagnetized region.
The absence of magnetized crust north of the dichotomy boundary is discussed in the text.
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is magnetized but over spatial scales much shorter than the
altitude of the Mars Global Surveyor (MGS) satellite.
[6] Given this scenario and constraints on an appropriate

Curie temperature for the crust, the presence and radius of
the demagnetized region provides a way to probe the
vertical temperature gradients across the underlying crust
in the Noachian, as well as the plume structure and excess
temperature. Our hypothesis for the thermal demagnetiza-
tion of Tharsis crust contrasts with a popular class of
explanations involving hydrothermal circulation near the
volcanoes themselves [Nimmo, 2000; Harrison and Grimm,
2002; Smrekar et al., 2004; Ogawa and Manga, 2007]. It
should be noted that the two explanations are not mutually
exclusive and that both processes may occur together in a
given region. However, it is not straightforward to explain
the pattern of demagnetization in Figure 1 (right) as a result
of the superposition of hydrothermal effects due to volca-
noes that are concentrated predominantly on the western
half of Tharsis.
[7] A plume heat flux that causes the observed crustal

demagnetization corresponds also to a thermal buoyancy
force imparted to the base of the lithosphere. The topo-
graphic response to such an applied load is diagnostic of the
flexural rigidity of that part of the lithosphere that deforms
elastically on geologic time scales (i.e., the ‘‘the elastic
thickness’’) [Watts, 2001]. In principle, the height of the
present-day Tharsis bulge consequently enables an estimate
of the elastic thickness, provided the fraction of the topog-
raphy that is supported flexurally can be identified [e.g.,
Zhong and Roberts, 2003; Roberts and Zhong, 2004]. The
current maximum height is presumably less than in the
Noachian, consistent with the subsequent decline in the rate
of volcanism and associated heat flow. However, this
elevation does indicate a lower bound value. Here, we
propose that joint consideration of plume heat flux con-
ditions for thermal demagnetization and related flexure of
the lithosphere is a powerful method for analyzing the early
heat flow and elastic properties of this region in a self-
consistent way. Results can, in turn, be applied further to
provide additional constraints on the rate of mantle melt
production and volcanism.

2. A Model

[8] Our model has three components that we apply to
explain three observations, which are the occurrence and
lateral scale of the demagnetized region, and the dynamic
topography of the Tharsis rise at the time of uplift. We begin
in section 2.1 by defining a reasonable picture of the
thermophysical state of the pre-Tharsis mantle and litho-
sphere as well as the magnetic and elastic properties of the
crust in the Tharsis region. In section 2.2, we build on this
initial condition and develop a thermomechanical model for
the formation, rise and spreading of a starting plume
beneath the lithosphere, as well as the subsequent establish-
ment of a single long-lived plume conduit beneath the
Tharis region. We use our thermomechanical model to
investigate the elevation of the Curie isotherm, as a function
of radial distance from the plume center. We parameterize
this effect via a depth fraction f, the ratio of the depth to the
Curie isotherm after and before heating due to the plume.
We investigate the thermal conditions need to achieve a

specified f for a given magnetic mineralogy in sections 2.3
and 3.1, and discuss the implications for the observed
magnetic anomaly signature of Tharsis in section 4.2. In
section 2.3 we analyze the flexural support for the dynamic
topography at Tharsis at the time of uplift to estimate an
elastic thickness. The fraction of the topography that is
related to the Tharsis plume is a second free parameter that
must be specified to close the model. Existing thorough
analyses of the present-day support for the Tharsis rise will
provide a lower bound for Noachian dynamic topography.
Notation and values for all parameters used are given in
Table 1.
2.1. The Pre-Tharsis Mantle and Lithosphere

[9] The thermomechanical state and magnetic properties
of the pre-Tharsis Martian crust and lithosphere are gov-
erned by the surface temperature, the rheology of the rocks,
the Curie temperatures of the magnetic phases and the heat
transfer properties of the underlying convecting mantle.
Assuming that surface water was present in the Noachian,
as suggested by varied geological observations
[Christensen, 2005; Bibring et al., 2006] and true polar
wander calculations [Perron et al., 2007], we take the
surface temperature to be approximately 0!C, consistent
with the climate modeling results of Forget and
Pierrehumbert [1997]. The Noachian Martian mantle is
assumed to be convecting at high Rayleigh number, Ra =
4 % 106, in a stagnant lid regime resulting in a geothermal
gradient across the lithosphere of #15 K km"1 [Schubert et
al., 2001; Kiefer, 2003]. Here, Ra = rmga (Tcmb " Ts) hm

3 /
mok characterizes the vigor of the convection driven by
core-cooling alone. Here, rm and hm are the mantle density
and depth, g is the gravitational acceleration, a is the
thermal expansion coefficient, and k is the thermal diffu-
sivity. Under these conditions the interior mantle will be
thermally well mixed and characterized by an adiabatic
temperature gradient of approximately 0.18 K km"1 [e.g.,
Kiefer, 2003]. The nonadiabatic temperature drop from the
core-mantle boundary to the surface, (Tcmb " Ts), is taken to
be 1500!C and corresponds to a core-mantle boundary
temperature of about 1820!C. This value is consistent with
plausible conditions for an early dynamo, a prerequisite
condition for a magnetic field to exist prior to the onset and
establishing of the Tharsis mantle plume [Nimmo and
Stevenson, 2000; Williams and Nimmo, 2004].
[10] We take the lithosphere to be viscoelastic (Figure 2a).

More precisely, for the given geotherm and convective
stress regime the lithosphere will deform in an effectively
viscous way approximately where temperatures Tv & 600!C
[Watts, 2001; O’Neill et al., 2007] and in an effectively
elastic way at colder temperatures. The thickness of litho-
sphere that behaves elastically on geological time scales is
the elastic thickness de. The thickness of the lithosphere dL
in the stagnant lid regime depends on the mantle rheology
and particularly on the nature and magnitude of the tem-
perature dependence of the mantle viscosity [e.g., Solomatov
and Moresi, 2000] for which there are few constraints. We
take the ratio de/dL = 0.4, which is similar to values inferred
for the Hawaiian lithosphere [Watts, 2001]. The crustal
magnetic field is taken to be carried predominantly by a
petrologically plausible concentration (0.2–0.4 vol %) of
single-domain magnetite grains [Dunlop and Arkani-Hamed,
2005], characterized by a Curie temperature, Tc = 580!C. It
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should be noted that the effective Tc depends on the concen-
tration and distribution of all magnetic minerals present,
which remains poorly understood for Mars [e.g., Dunlop
and Arkani-Hamed, 2005] and a matter for debate. If alter-
native magnetic carriers are assumed, such as pyrrhotite (Tc =
320!C), titanomagnetite (Tc = 150–300 4!C), titanohematite
(Tc = 530–650!C), or hematite (Tc = 675!C), then the
relationship between Tv and Tcmust be adjusted accordingly.
We choose magnetite as a dominant carrier because for
petrologically reasonable concentrations in Martian volca-
nic rocks it is straightforward to explain a crustal field that is
on average greater than Earth’s 50 mT field. In addition,
because Tv ! Tc we take the thickness of magnetized crust
dm ! de = 0.4dL.

2.2. A Mantle Plume Beneath Tharsis

[11] The thermal and mechanical response of the Martian
lithosphere to a mantle plume depends on the flow and heat
transfer properties of the upwelling. A hot, low-viscosity
mantle plume rising from an unstable thermal boundary
layer at the core-mantle boundary is expected to have a
large head and narrow underlying tail or conduit through
which hot mantle is continuously supplied [e.g., Jellinek
and Manga, 2004]. The evolution of plume-lithosphere
thermal interactions can be generally regarded in two stages
(Figure 2). Initially, an ascending spherical plume head will
approach the lithosphere and spread laterally beneath an
overlying ‘‘squeeze layer’’, becoming increasingly planar at
its upper and lower surfaces over time (Figure 2b). In the
reasonable limit that the lithosphere behaves as an approx-
imately rigid boundary the diameter of the head is expected
to increase at a rate approximately proportional to #t0.26

(t is time), whereas the head height and squeeze layer
thickness decline as #t"0.56 and #t"0.5 [Griffiths and
Campbell, 1991]. This evolution in head geometry and
squeeze layer thickness implies a spatially complicated
and time-dependent thermal coupling to the lithosphere. If
the rheology of the lithosphere is such that viscous stresses
arising in response to the spreading cause concomitant
erosion of the lithosphere, resulting in a topographic ‘‘foot-
print’’, the picture becomes still more complicated (Figure 2b)
[e.g., Olson et al., 1988; Davies, 1994]. The nature of the
time dependence of the spreading should, however, be
preserved for most geophysically plausible situations in
which the effective viscosity of the lithosphere is much
larger than that of the upwelling.
[12] Once the plume head spreads and thins to about 1/2

its initial radius, vertical temperature gradients become
enhanced above the conduit, resulting in a transition to a
thermal regime governed by the heat flux delivered over the
surface area of the footprint by the quasi-steady upwelling
of hot mantle in the conduit [Jellinek and Manga, 2002]
(Figure 2c). This transition in thermal regime implies that
the pattern of crustal demagnetization in Figure 1 may
record effects related to the transient spreading of the initial
Tharsis plume head as well as the subsequent quasi-steady
flow in a long-lived plume conduit. Accordingly, we inves-
tigate each regime, in turn.
2.2.1. Transient Lithospheric Heating: Arrival and
Spreading of a Tharsis Plume Head
[13] The magnetic anomaly data in Figure 1 are a time-

integrated signal and provide no a priori way to distinguish

Table 1. Parameters and Notation Used in Calculationsa

Parameter Value Units

Radial magnetic field Br – nT
Radius of Tharsis bulge Rth 1.5 % 106 m
Demagnetized radius rd 3 % 0.9–1.2 % 106 m
Nusselt number Nu – –
Rayleigh number Ra – –
Surface temperature Ts 0 !C
Mantle temperature Tm 1500 !C
Hot thermal boundary
olayer thickness dh

– m

Initial radius of plume head Ro – m
Squeeze layer thickness dsq – m
Plume conduit radius rc – m
Plume conduit thermal halo rh – m
Radius of lithospheric footprint rs – m
Fractional reduction in plume
head height e

– –

Time scale for plume
head spreading tsp

– s

Characteristic Stokes
spreading time tst

– s

Vertical diffusion length scale
during spreading zsp

– m

Elastic thickness de – m
Lithosphere thickness dL – m
Isotherm for elastic thickness Tv 600 !C
Curie temperature
for magnetite Tc

580 !C

Magnetized crust thickness dm – m
Max. plume excess
temperature D Tex

– !C

Radial position in plume
conduit or footprint r

– –

Background mantle viscosity mo 5 % 1021 Pa s
Mantle viscosity m(T) – Pa s
Rheological temperature scale g 0.023 !C"1

Plume temperature at centerline Tp – !C
Plume excess temperature DT – !C
Mean plume excess
temperature hDTi

– !C"1

Reference rise velocity Vo – m s"1

Gravitational acceleration g 3.70 m s"2

Thermal expansion
coefficient a

3 % 10"5 !C"1

Mantle density r 3400 kg m"3

Specific heat Cp 800 J kg"1 !C"1

Thermal conductivity K 4 W m"1 !C"1

Critical magnetic crust thickness dcr – m
Critical thickness ratio f – –
Plume conduit radius rc – m
Plume heat flux qp – W m"2

Geothermal gradient Tg(z) 15 K km"1

Mantle depth hm 1.76 % 106 m
Flexural rigidity D – N m
Dynamic topography ht – m
Lithosphere-mantle
density difference D rm

3 %

Elastic modulus E 5.5 % 1010 – 3 % 1011 Pa
Poissons ratio v 0.25 –
Vertical position in melt region z – m
Mantle solidus temperature Tsol(P) – !C
Pressure P – GPa
Height of melting region Zm – m
Volumetric melt production rate Qm – km3 a"1

Mantle melt fraction Gm – –
Lithosphere melt fraction GL – –

aExcept where indicated in the text all parameters are taken from
Schubert et al. [2001], Zhong and Zuber [2001], Kiefer [2003], and O’Neill
et al. [2007].
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effects related to the initial spreading of the plume head
from the subsequent establishment of a long-lived plume
conduit. However, analysis of spreading of the plume head
to one half its initial thickness constrains the ultimate size of
the footprint, providing a thermomechanical link to the
radius of the demagnetized region. Bounds on the of crustal
demagnetization that might occur during this spreading can
also be estimated from the total heat transferred to, and
conducted across the overlying lithosphere. The resulting
increase in the average temperature hTLi of the lithosphere
implies an increase in the geothermal gradient and a
corresponding shallowing of the Curie isotherm. Whether
this effect can lead, in turn, to crustal demagnetization at

satellite altitude is discussed in section 2.3. The magnitude
of the increase in temperature depends on the heat flux from
the plume head, the time scale for spreading and the
evolving thermal coupling to the lithosphere during spread-
ing. We assume that cooling of the plume head is by
conduction and neglect the heat flow delivered to the
lithosphere by localized intrusions of dikes and sills related
to melting within the plume head and squeeze layer.
However, potentially important effects related to a reduction
in lateral scale length of magnetic anomalies by intrusions
are discussed briefly in section 4.2.
[14] The time-dependent thermal footprint of a spreading

plume head will depend on its initial size, rise velocity and

Figure 2. Definition sketches for each component of our model. (a) The initial (pre-Tharsis) thermal
and magnetic state of the lithosphere. The dashed line indicates the depth of the magnetized crust, which
is taken to be approximately equal to the elastic thickness. (b) The rise and time-dependent spread of a
mantle starting plume beneath the Martian lithosphere. The topographic ‘‘footprint’’ is an expected result
of thermomechanical erosion of the lithosphere on spreading of the plume head over the time to thin to
about one half its initial diameter. The dotted line indicates a corresponding shallowing of the Curie
isotherm in response to the transient conduction of heat from the plume head to and across the
lithosphere. (c) A steady state thermal model of a Martian mantle plume conduit under steady state
conditions. (d) A model for the flexural response of the lithosphere to the buoyancy force imparted by an
underlying plume conduit. See text for discussion and Table 1 for notation.
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spreading rate beneath the lithosphere and mantle squeeze
layer (Figure 2b). The viscous response of the mantle to a
rising and spreading plume is governed by the nature of the
temperature dependence of the mantle viscosity. Assuming
mantle deformation is in the diffusion creep limit a simpli-
fied but reasonable mantle viscosity is

m ' mo exp "gDT( ): (1)

Here, the rheological temperature scale g"1 = "(dlnm/dT)"1

is a constant determined from laboratory measurements on
the relevant materials,DT is the temperature in excess of the
background mantle temperature Tm and mo is the viscosity at
the background mantle temperature (Table 1). Rock
deformation experiments [Kohlstedt et al., 1995] suggest
that mantle viscosities will decline by #1 order of
magnitude for every 100!C of plume excess temperature,
implying that g ! 0.023!C.
[15] A mantle starting plume ascending from the core-

mantle boundary is initiated where the hot conductive
thermal boundary layer related to core-cooling exceeds a
critical thickness

dh ' hm=Nu; (2)

where the Nusselt number is given by

Nu ' 0:57 Ra=Racrit( )1=3 (3)

and the scaling constant, modified from Solomatov and
Moresi [2000], is broadly consistent with data from
experimental studies [Jellinek et al., 2003; Gonnermann et

al., 2004]. At middepth in the mantle, the diameter of the
undeformed plume head (Figure 2b, left) 2Ro, depends on
the wavelength of the initial gravitational instability as well
as inflow from below and entrainment of mantle material.
On the basis of experimental measurements [Lithgow-
Bertelloni et al., 2001; Jellinek et al., 2003]

Ro ! 1:7 mm=mp

! "1=3
dh (4)

and the conduit radius rc ! dh. Here, mm and mp are the
background mantle viscosity and the plume viscosity
evaluated at the maximum excess temperature DTex. In
addition, we follow Griffiths [1986] and adjust this value
slightly for a small additional increase in radius due to
thermal effects on ascent, which is consistent in magnitude
with the results of Farnetani and Richards [1995]. For a
plume excess temperature DTex = 200!C, comparable to that
which is inferred for Hawaii, rc ! dh ! 100 km and Ro !
420 km, which is a plausible value when compared to
models and inferences from hot spot swells for mantle
plumes in the Earth and adjusted for the difference in mantle
depth.
[16] As the plume head approaches an effectively rigid

lithosphere it will flatten and spread beneath a squeeze layer
that also declines in thickness over time. The time scale for
the height of the plume head to decline by a fractional
amount ! on spreading [Griffiths and Campbell, 1991] is

tsp ' !=0:6( )1:79tst; (5)

Figure 2. (continued)
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where tst = (mm/(rgaDTRo)) is the characteristic time for
spreading in a Stokes flow limit. At this time the thickness
of the squeeze layer

dsq ' 0:22hm tsp=tst
# $"1=2 (6)

and the lateral spread of the plume head

rs ' 1:3Ro tsp=tst
# $0:26

: (7)

The vertical length scale for thermal diffusion over this time

zsp ! 2 ktsp
# $1=2

; (8)

where k is the mantle thermal diffusivity. For most
conditions we analyze, zsp < dsq. An appropriate scale for
the conductive heat flux to the lithosphere during spreading
is, thus, approximately

qsp ! KDTex=zsp; (9)

where K is the thermal conductivity, which is an upper
bound because the conductive length scale is the minimum
value over the evolution of the thermal regime governed by
spreading. Assuming this heat flux is delivered over the full
footprint of the flattened plume head over the time tsp a
corresponding upper bound on the change to the mean
temperature of the overlying lithosphere of thickness dL is

Tth i '
qsptsp
# $

rCpdL
" LGL

Cp
: (10)

Here, Cp and L are the specific and latent heats of
lithosphere rocks. The first term on the right side is the
specific heat required to raise the mean temperature of the
overlying lithosphere and the second term is the consump-
tion of latent heat related to melting a fraction of the
lithosphere thickness GL.
[17] The choice of appropriate values for dL and for GL

requires discussion because each has a strong influence on
hTti. In the limit that the lithosphere is perfectly rigid there
is no footprint and dL is the initial value dL!. For most
plausible lithospheric rheologies and mantle viscosity mod-
els, however, some erosion is expected. Olson et al. [1988]
find, for example, that the rise and spreading of plume heads
in Earth’s mantle will cause minor vertical erosion of the
base of a lithosphere deforming in the diffusion creep limit
(at most a few percent of the lithosphere thickness). In the
Earth the extent of this erosion is expected to be enhanced
in the presence of a low-viscosity asthenosphere, extending
to perhaps 10–15% of the lithosphere thickness (less if the
lithosphere is non-Newtonian, deforming in a dislocation
limit, say). Further inspection of the Olson et al. [1988]
results suggests that the lateral scale of the topographic
footprint is set by the diameter of the plume head at ! ! 0.5
for most rheologically appropriate conditions, corresponding
also with the transition to conduit-dominated flow discussed
above. Whether Mars also has a low-viscosity zone beneath
the lithosphere is unclear but cannot be discounted. In a
recent analysis of the tidal dissipation within Mars from

analysis of the observed secular acceleration of the nearest
moon Phobos, Bills et al. [2005, also personal communica-
tions, 2007] require a very low average viscosity of Mars of
order 1015 Pa s, which is at least 2 orders of magnitude less
than the Earth average. They recognize that such a viscosity
is unphysical for a mantle value and argue that the presence
of a fluid core cannot be the full explanation. In principle
these results may be explained if the tidal dissipation is
concentrated within a low-viscosity layer in the upper
mantle such as an asthenosphere, or in the crust. With these
considerations we assume that a shallow topographic foot-
print is inevitable and may extend vertically over at most a
few percent of the lithosphere thickness such that dL! > dL >
0.95dL!.
[18] The magnitude of lithospheric melting during

spreading depends on the solidus temperature of the litho-
sphere and crust, which are not constrained. Consequently,
it is unclear how to include even gross effects of melting in
this calculation. An upper bound on the effect of transient
heat transfer from a plume head on the mean temperature of
the lithosphere can, however, be estimated without includ-
ing melting. Assuming a 100 km thick lithosphere and
DTex = 200!C, say, an extent of flattening ! = 0.5 corre-
sponds to a time tsp ! 2.7 Ma resulting in a !10!C rise in
the mean lithosphere temperature and a <2% increase in the
geothermal gradient (Figure 3). Assuming magnetite is the
magnetic carrier, such an increase corresponds only to a
#0.4 km shallowing of the Curie isotherm from an initial
value of 38.6 km.
[19] In summary, for most reasonable plume excess

temperatures the contribution of heat transfer from the
plume head over the time tsp to the thermal structure of
the lithosphere will be small in comparison to the much
longer term influence of hot mantle upwelling in the plume
conduit. Indeed we can generally neglect the effect of this
transient phase on the magnetic crust thickness with little
change to our analysis. A key mechanical consequence of
the spreading of the plume head, however, is to establish the
footprint, which ultimately sets the lateral length scale for
the thermal coupling of the lithosphere to the plume
conduit. We argue next that such a geometric constraint
on the spreading of upwelling mantle at the base of the
lithosphere governs the diameter of the demagnetized region
identified in Figure 1.
2.2.2. Steady State Heat Transfer Through a
Long-Lived Plume Conduit
[20] In a conduit-dominated thermal regime a quasi-

steady upwelling of hot mantle material impinges the
lithosphere and spreads laterally as a gravity current driven
by a fixed buoyancy flux from the plume conduit. As
discussed above, laboratory experiments and numerical
simulations suggest that this lateral flow will be confined
within the topographic footprint of the initial spreading
plume head at the lithosphere base [Olson et al., 1988]
(Figure 2c). Consequently, provided the time scale for
lateral flow across the footprint is much shorter than the
time scale for thermal diffusion across the lithosphere the
surface area over which the plume heat flux is delivered will
scale as rs(tp! = 0.5) and, thus, set the radius of the
demagnetized region rd. This link between the pattern of
crustal demagnetization observed at spacecraft altitude and
the structure of the plume head will provide a restrictive
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Figure 3. Plots showing (top) the increase in the mean temperature and (bottom) geothermal gradient in
the lithosphere as a function of initial plume excess temperature. Calculations assume thermal conduction
to the lithosphere over the time for a plume head to spread to one half its initial height (see text for
discussion).

Figure 4. Plots indicating the (a) temperature, (b) viscosity, (c) upwelling velocity, and (d) heat flux as a
function of radial position in the active part of the model plume conduit.
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constraint on the plume excess temperature in addition to
that which is found from a joint consideration of crustal
thermal demagnetization and flexural support of topography.
[21] To model the steady state structure and heat transfer

properties of the flow in the tail of the plume, we follow
Loper and Stacey [1983] and Olson et al. [1993]. We take
the Tharsis mantle plume to be an axisymmetric upwelling
from the core-mantle boundary characterized by a maxi-
mum plume excess temperature DTex evaluated at the center
of the structure (r = 0), and a Gaussian temperature variation
(Figure 4a). As a result of the strong temperature depen-
dence of the mantle viscosity (equation (1)) flow will be
concentrated in the central 10–20% of the upwelling,
forming a low-viscosity conduit of radius rc [Loper and
Stacey, 1983] (Figure 4b) surrounded by a diffusive thermal
halo that is #2–3 times larger [Olson et al., 1993; Kerr and
Mriaux, 2004]. The vertical heat flux related to the halo is,
by definition, much smaller than that due to flow in the
conduit and so it is neglected. For an established plume
conduit the radius is expected to scale as rc # dh and the
flow is analogous to Poiseuille flow in a cylindrical pipe
characterized by a radial temperature variations in excess of
the background mantle of the form DTex(1"r2) [Olson et
al., 1993], where r is normalized such that it is 0 at the
center of the conduit and 1 at rc. Corresponding radial
velocity and plume heat flux variations in this region of the
upwelling are governed by the magnitude of the radial
viscosity variations and are (Figures 4c and 4d)

V r( ) ' Vo exp gDT r( )( ) (11)

and

qp r( ) ' V r( )DT r( )rCp; (12)

respectively. Here, the reference upwelling velocity in the
cylindrical conduit is Vo = rgaDTexrc

2/4mo and r and Cp are
the mantle density and specific heat.
[22] When flow from this conduit impinges and spreads

along the base of the lithosphere the fastest spreading,
lowest viscosity and hottest material at the center of the
upwelling will be concentrated at the upper boundary of the
footprint as a lubricating layer. With this resulting approx-
imately free-slip mechanical boundary condition imposed,
plume material spreads radially away from the center of the
conduit over the length scale rs, cooling progressively and
resulting in a laterally varying vertical heat flux at the top of
the footprint of the form [Jellinek et al., 2003] (Figure 2c)

qf r( ) ' qr'0
p 1" r1=2
h i

; (13)

where r is normalized to be 0 at the center of the conduit
and 1 at rs.

2.3. Heat Transfer and Crustal Demagnetization

[23] The plume heat flux and associated magmatism can
lead to partial or complete thermal demagnetization. Eleva-
tion of the lithospheric thermal gradient may result in
temperatures over part, or all, of the depth extent of the
magnetized layer being raised above the Curie temperature.

In the simplest case, assuming a single lateral scale length of
magnetization that is larger than the spacecraft altitude and
is unchanged due to the long wavelength thermal signature
of the plume, the resulting magnetic field over the crust will
be reduced in magnitude proportional to the fractional
thickness of the magnetized layer that becomes demagne-
tized. The spectrum of scale lengths of magnetization is of
course complex including contrasts at spatial scale lengths
close to, or less than, the spacecraft altitude. Elevation of the
thermal gradient in such a more complex source layer, along
with reductions in scale length of the magnetization due to
intrusions will further reduce the observed magnetic anoma-
lies, possibly to below the detection threshold, even without
complete demagnetization of the crust.
[24] Because quantitative assessment of changes in scale

length of magnetization require a priori knowledge of the
magnetization spectrum of the preexisting crust and knowl-
edge of the distribution of intrusions relative to that layer,
we model only the long-wavelength thermal effect of the
plume. At steady state, lateral flow within the footprint will
impart a heat flux that varies slowly over the radius rs, and
this imparts lateral temperature variations over spatial scales
comparable to rs, rather than, say, the conduit diameter 2rc.
On the basis of the data in Figure 1a, the appropriate scale
length for rs is O(10

3) km, which is significantly larger than
the altitude of the MGS magnetic observations. We analyze
thermal demagnetization as a result of increasing the geo-
thermal gradient above the footprint, which will reduce the
depth-integrated crustal magnetization (Figure 2c). In sec-
tion 4.2 we discuss briefly effects related to reductions in
the lateral scale length of magnetic anomalies that might
occur as a result of magmatic intrusions.
[25] At steady state the plume heat flux qp(r) corresponds

to approximately linear temperature gradients in the over-
lying lithosphere that are steeper than the initial geotherm
Tg(z) and given by (Figure 2)

T r; z( ) ' qp r( )z=K * Tg z( ); (14)

and Ts = 0 at z = 0. Where the temperature along this profile
exceeds the Curie temperature Tc, the crust will become
demagnetized. For magnetite the initial depth of the
magnetized layer dm ! de, so we can also write dm = 0.4
dL. We define dcr as the depth at which T is equal to Tc due
to the elevated geotherm, and introduce f as the ratio dcr/dm.
f is essentially a measure of the vertical extent of possible
crustal demagnetization, with a decreasing f corresponding
to a greater vertical extent of demagnetization.
[26] Taking Tg(dcr) $ Tc, we rearrange equation (14) to

identify a critical plume heat flux condition that results in a
given f at the edge of the footprint rd, where rd ! rs:

q
r$rd( )
f r( ) K

fdm
Tc " Tg dcr( )
% &

: (15)

[27] Examination of equations (12)–(15) shows that for a
specified mantle plume model (compare section 2.3) and Tc
we can vary dm for given DTex to map DTex " dm regimes
that result in a specified f at r $ rd. For a given Curie
temperature a greater vertical extent of demagnetization
(decreased f) can be achieved either by increasing the plume
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heat flux or decreasing the initial background geotherm
(equivalent to increasing dm).

2.4. Lithospheric Flexure and the Tharsis Rise

[28] Because the plume conduit has a radius that is small
in comparison to the depth of the mantle we can neglect
membrane stresses related to Mars’ lithospheric shell and
treat the problem approximately in a cartesian geometry
[Turcotte et al., 1981]. In this regime, the topographic
amplitude response of the elastic lithosphere to upwelling
flow concentrated within the narrow low-viscosity part of
the Tharsis plume conduit is given by [Watts, 2001]

ht ' hma DTh i 1

1* 16Dp4= l4Drmg
# $

 !

; (16)

where

D ' Ed3e
# $

= 12 1" v2
# $# $

(17)

is the flexural rigidity and l = 4 rc is the appropriate full
sinusoidal wavelength of the plate forcing for this scenario.
Here E is the elastic modulus, v is Poisson’s ratio, ht is the
maximum topography supported by flexural stresses (i.e.,
‘‘the dynamic topography’’) and hDTi is the radially
averaged excess temperature in the conduit. Thus, a
constraint on ht implies an elastic thickness de. It should
be noted that in this development we ignore an additional
restoring force related to the stabilizing density difference at
the core-mantle boundary [Richards and Hager, 1984], the
nature of which is unclear. We also ignore the minor
contribution of membrane stresses to the dynamic support
of Tharsis, consistent with results of the scaling analysis of
Turcotte et al. [1981]. The main consequences of neglecting
these effects is that the elastic thickness determined with
equations (16) and (17) will be an upper bound.
[29] An observational constraint on ht is difficult to

obtain. MOLA topography provides direct information
about the present maximum height of the Tharsis bulge,
most of which is probably related to constructional volca-
nism [e.g., Williams et al., 2008]. Careful modeling studies
of the long-wavelength topography and geoid anomalies at
Tharsis [Zhong and Roberts, 2003; Roberts and Zhong,
2004] restrict the fraction of this topography due to dynamic
mantle support to be less than about 25% of the maximum
value or ht = 1.5–2 km, which is comparable to that which
is typically inferred for Hawaii. The decline in eruption rate,
and by inference heat flow, at Tharsis since the Noachian,
combined with the secular cooling of the planet as a whole,
suggest that both the maximum height of Tharsis and the
magnitude of dynamic topography may have been signifi-
cantly greater in the Noachian. Accordingly, below we
examine cases for 25–50% dynamic support.
[30] Whether the uncertainty in an appropriate value for ht

influences de in a significant way compared to other
parameters is an important issue. Examination of equation
(16) in the limit (16Dp4/(l4Dr g) +1) (i.e., the topography
is not compensated) indicates

de / r4cDTex=Eht
# $1=3

: (18)

Thus, the most important parameter is rc and factors of <1–
2 change in ht or DTex will cause tens of percent variations
in de. We note that the variation in E applied in the literature
has a considerably larger influence. Although typically
taken to be 1 % 1011 Pa [e.g., Comer et al., 1985; Phillips et
al., 2001; McGovern et al., 2002], published values vary
between 5–6 % 1010 Pa [e.g., Heller and Janle, 2000;
Schultz et al., 2004] and 1.4–3 % 1011 Pa [Zhong and
Roberts, 2003; R.J. Phillips, personal communications,
2004], implying as much as a factor of #2 uncertainty in
estimates of de. Here we adopt the conventional value E =
1 % 1011 Pa.
[31] Noting that rc ! dh and that rd ! rs it is instructive to

explore the sensitivity of de to our background mantle
convection model and its link to surface observations of
crustal demagnetization. Making the appropriate substitu-
tions we find that

de / d4hDTex=Eht
# $1=3/ r4d mm=mp

! ""4=3
DTex=Eht

' (1=3

: (19)

From equations (2) and (3), dh # Ra"1/3, and thus the
second expression shows that de is influenced by the mantle
Ra, albeit weakly. Through the third expression, de can be
constrained by our observation of rd provided that ht
is constrained and DTex and the magnitude of the
temperature dependence of the viscosity are specified
(compare equation (1)).

2.5. Plume Heat Flux and Mantle Melting

[32] Together with an estimate of the mantle solidus
Tsol(z), constraints on the average heat transfer properties
of the Tharsis plume (compare sections 2.2–2.4) imply an
average melt production rate in the sublithospheric plume
conduit. At each vertical position in the plume conduit z,
where the radially averaged temperature !T (z) is greater than
the solidus temperature Tsol, the temperature difference
available to drive melting is DTm(z) = (!T (z) " Tsol). This
temperature difference implies, in turn, a melt fraction f(z)
= Cp DTm(z)/L and a volumetric melt production rate G(z) =
f!V (z) A(z). Here, Cp and L are the specific and latent heats,
!V (z) is the radially averaged upwelling velocity, and A(z) is
the cross-sectional area of the plume conduit. The vertically
averaged melt production rate is then

Qm ' 1

Zm

Z

G z( )dz; (20)

where Zm extends from the depth at which !T < Tsol to the
base of the lithosphere dL. With an additional parameteriza-
tion of the fraction of melt that is erupted at the surface (i.e.,
an ‘‘eruption efficiency’’) Qm also implies, in principle, an
eruption rate [Kiefer, 2003; O’Neill et al., 2007]. However,
such a consideration is not straightforward. The initial melt
may have to undergo crystal fractionation in order to
become buoyant and this melt must also rise through the
crust to erupt at the surface without freezing. On the basis of
numerous studies of volcanism on Earth a plausible range in
the ratio of intrusive/extrusive magmatism is 5–10:1 [e.g.,
Crisp, 1984].
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[33] The rate of melt production is controlled by the rate
of upwelling, which is particularly sensitive to the chosen
mantle viscosity model, and on the solidus temperature,
which is governed by the choice of bulk composition. The
choice of mantle viscosity is based on studies of the Earth,
and discussed above. The main uncertainties for the pre-
Tharsis Martian mantle solidus are the water content and
extent of the ‘‘depletion’’ of components extracted from the
mantle to make the crust. To the extent that they are
indicative of the bulk composition of early Mars the
shergottite composition of Martian meteorites with possible
crystallization ages #4 Ga [Bouvier et al., 2005] precludes a
significant concentration of water in the melting region
[e.g., Wanke and Dreibus, 1994]. Assuming a dry mantle,
the combined experimental results of Bertka and Holloway
[2004] and Agee and Draper [2004] constrain a solidus for
an undepleted Martian mantle composition over a pressure
range of 0–9 GPa [Kiefer, 2003; O’Neill et al., 2007]. In
contrast, in a study of the olivine Yamato 980459 meteorite,
Musselwhite et al. [2006] establish a solidus for a depleted
mantle composition. Whereas both solidii have similar
slopes, the solidus temperatures at 0 GPa for the undepleted
and depleted cases are Tsol

u (0) = 1100!C and Tsol
d (0) =

1440!C, respectively. Consistent with the findings of
O’Neill et al. [2007] our calculations indicate that for most
plausible thermal conditions these undepleted and depleted
mantle solidii give unrealistically high and low rates and
extents of melting, respectively. It is also not clear that the
Musselwhite et al. [2006] solidus can be reconciled with
active volcanism at Tharsis or Elysium inferred to have
occurred over the last 1 Ga [Kiefer, 2003; O’Neill et al.,
2007], which suggests that this particular composition is not
indicative of the bulk composition of the planet. An
appropriate solidus is likely to fall between these depleted
and undepleted end-member cases. Assuming that the
slopes of intermediate solidii will differ only in their
temperatures at 0 GPa we follow O’Neill et al. [2007] and
take the solidus temperature Tsol(P) = Tsol

u (P) + 200, where P
is pressure in GPa and Tsol

u (P) is from the combined data of
Bertka and Holloway [2004] and Agee and Draper [2004].
Melting rates will be enhanced in the presence of water, a
small fraction of which is permitted by the shergottite
composition of Martian meteorites. Our calculated melting
rates based on dry compositions are, thus, plausible lower
bounds. However, although plausible it is important to make
clear that at present there are no unequivocal constraints on
either the Martian mantle solidus or the mantle viscosity.
Thus, the results of our calculations must be interpreted with
caution.

3. Results
3.1. A Unique Solution for DTex, de, and rd
[34] In Figure 5 (top) we plot elastic thickness against

plume excess temperature for a range of f"ht conditions.
Also shown is the initial elastic thickness of 40 km expected
from the geothermal gradient. The heavy dots are elastic
thicknesses determined from solutions to equations (16) and
(17) for various extents of flexural support for the Tharsis
bulge. Diamonds indicate the elastic thickness (assuming
dm = de) that result in thermal demagnetization for depths
greater than dcr = f dm, for a specified plume excess

temperature. Where the solutions for the flexure and
demagnetization calculations intersect we obtain a unique
solution for both the plume excess temperature and the
elastic thickness. Thus, a constraint on de implies a value for
DTex or vice versa. For example, a plume excess tempera-
ture DTex = 200!C is consistent with an elastic thickness
de ! 28 km for 50% flexural support and implies that f = 0.5.
If the dynamic support is reduced to 37.5% and 25%, then
de = 33 and 38 km, respectively. Alternatively, a specific
value for de constrains the permitted values for DTex, and
the resulting dynamic topography and vertical extent of
demagnetization. For example, a de of 34 km implies
DTex = 223!C for f = 0.4 and 37.5% dynamic support. For
the same de, lower (higher) plume excess temperatures
result in less (more) dynamic support, and a lesser (greater)
vertical extent of demagnetization. As a final example, if
one requires that at least the lower 50% of the crustal
column is raised above the Curie temperature (i.e., f = 0.5),
for a given plume excess temperature of, say, 170!C, then
de & 29 km and the dynamic support must be $37.5%.
[35] Figure 5 (bottom) shows the predicted crustal

demagnetization radius rd as a function of DTex, assuming
as before that this length scale is set by the plume head
radius rs where the extent of spreading ! = 0.5. The heavy
dots indicate the spatial extent of the absence of magnetic
anomalies observed in Figure 1 (left). Comparison of
Figures 5 (top) and 5 (bottom) shows that DTex = 205–
240!C is consistent with the topographic and magnetic
observations derived from Figure 1.

3.2. Tharsis Heat Flow and Melt Production

[36] A plume excess temperature estimated from Figure 5
corresponds to an average plume heat flux and mantle melt
production rate as well as extent of mantle melting shown in
Figure 6. For the preferred range in excess temperature
indicated !qp !60–100 mW m"2, the melt fraction G !
23.5–25.4% and the long-term average magma supply !Q !
0.01–0.03 km3 a"1. This result is discussed in greater detail
in section 4.1.

4. Discussion
4.1. Plume Excess Temperature, Elastic Thickness,
Heat Flux, and the Magma Supply at Early Tharsis

[37] For DTex = 205!C, dynamic support of 50% to 25%
requires elastic thicknesses of about 29 to 38 km, depending
on f (Figure 7). For DTex = 240!C, permissible de values are
in the range of about 31 to 40 km, also depending on f and
being bounded at the high end by the pre-Tharsis value. For
reasons related to the parameterization of the buoyancy
force driving the elastic deformation and our neglect of
the minor contribution of membrane stresses (see
section 2.4) these de estimates are probably upper bounds.
Nevertheless, these values are around one third to one half
that which is inferred currently at Tharsis on the basis of
local studies [Arkani-Hamed, 2000; McKenzie et al., 2002;
McGovern et al., 2002] and substantially smaller than that
which is estimated from the joint inversion of long-wave-
length topography and geoid anomalies [Zhong and Roberts,
2003]. Our estimates are comparable to those inferred from
local studies for Noachian regions in the southern hemi-
sphere [McKenzie et al., 2002; McGovern et al., 2002], but
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smaller than the globally averaged value of de > 50 km
determined for the Noachian from considerations of the
rotational figure of the planet [Daradich et al., 2008].
Assuming the magnetic crustal thickness is similar, our
range for de is smaller than the 40–50 km magnetic crustal
thickness inferred on the basis of rock magnetism and

thermal modeling considerations [Dunlop and Arkani-
Hamed, 2005], but is comparable with an approximately
35 km thickness determined from studies of an observed
reduction in total magnetic field with crater size in impact
basins greater than 500 km in diameter [Nimmo and
Gilmore, 2001].

Figure 5. (top) The predicted elastic thickness de as a function of maximum plume excess temperature
DTex for a range of f " ht conditions, assuming that dm = de = 0.4dL. Dots indicate elastic thicknesses
determined from considerations of the flexural response of the lithosphere to an underlying mantle plume
conduit. Solid diamonds indicate the minimum value for de at which the crust will appear demagnetized
to an orbiting MGS satellite. (bottom) The normalized radius of the demagnetized region as a function of
plume excess temperature. Open circles are values predicted on the basis of the analysis of the spreading
of a mantle starting plume head beneath a rigid lithosphere in section 2.2.1. Dots are observations
determined from Figure 1. The region shaded in grey indicates the range in excess temperatures for which
the expected demagnetized radius is consistent with observations. See text for discussion.

Figure 6. Plot showing the plume heat flux q (solid line), melt production rate Q (dash-dotted line), and
mantle melt fraction (inset) as a function of maximum plume excess temperature DTmax.
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[38] From Figure 6, the corresponding long-term average
magma supply !Q = 0.01–0.03 km3 a"1 and is #1 order of
magnitude greater than that inferred on geological grounds
[Tanaka et al., 1992; Hartmann and Neukum, 2001] and
from models [Kiefer, 2003] for recent Mars volcanism. This
lower bound value is also plausibly 1 order of magnitude
smaller than crude estimates inferred from the total mea-
sured volume of post-Noachian volcanism but depends on
the eruption efficiency applied [Greeley and Schneid, 1991;
O’Neill et al., 2007]. These melt production rates are also
#1 order of magnitude less than that inferred for the
Hawaiian plume [Jellinek and DePaolo, 2003; D.J.
DePaolo, personal communications, 2007]. The average
plume heat flux !qp = 60–100 mW m"2 is similar to
Noachian core heat fluxes found in thermal evolution
calculations [Hauck and Phillips, 2002; Williams and
Nimmo, 2004; O’Neill et al., 2007]. It is also comparable
to surface heat fluxes inferred from analyses of the gravity/
topography admittance at Noachian regions such as the
south pole [McKenzie et al., 2002], Noachis Terra and
NE Terra Cimmeria [McGovern et al., 2002].

4.2. Crustal Demagnetization by the Tharsis Plume
and Magmatic Intrusions

[39] Two end-member hypotheses can account for the
spatial extent of the crustal magnetic anomalies over the
Tharsis region. In the first, the absence of magnetic anoma-
lies reflects complete demagnetization of the source layer by
the thermal effect of the Tharsis plume over the region,
radius rd. In this scenario, the magnetized source region
must be concentrated in the lower crust, at depths where the
temperature is raised above the Curie temperature. Our
estimated range for DTex " de conditions implies that
0.38 $ f $ 0.49 (Figure 7). For our case of a dominantly
magnetite carrier, this implies that at least the lower 50–
60% of the crustal column is raised above the Curie
temperature and thermally demagnetized.
[40] In a second end-member, hypothesis, crustal magne-

tization is concentrated in the upper crust, and is unaffected
by the long-wavelength thermal expression of the plume.
The absence of magnetic anomalies at spacecraft altitudes

must then be due to reduction in scale length of magneti-
zation contrasts over the Tharsis region due to the injection
of dikes and sills and/or due to hydrothermal processes. The
spatial distribution of dikes and sills must be related to the
geometry of the melting region, which will be #rs in extent
during the transient spreading phase of the evolution of the
plume and #rc during the subsequent steady state conduit
phase.
[41] The two mechanisms (reduction in scale length by

intrusions and reduction in depth-integrated magnetization)
are clearly not inconsistent with one another. However, to
explain the shape and extent of the demagnetized region in
Figure 1 requires intrusions emplaced during the #2–3 Ma
transient phase to be distributed broadly. A zeroth-order
constraint that is not known is the total volume of magma
that would be required for this mechanism to work and, in
particular, whether such a volume of magma is consistent
with the range in plume excess temperatures we obtain from
Figure 5 (bottom). A natural analog for this magmatic
model on Earth is the origin of flood basalts or the mantle
melting event that gave rise to, say, the Mackenzie dike
swarm of western Canada. However, models addressing the
melt production demanded to explain these observations
with excess temperatures appropriate for Hawaii, (which are
200–300!C, comparable to what we infer for Tharsis),
require specific bulk compositions to lower the mantle
solidus (i.e., an eclogite component) that are peculiar to
the Earth [Cordery et al., 1997]. Our understanding of the
Martian mantle solidus is at best incomplete, although it
may be parameterized in an ad hoc way (compare section
2.5). The distribution and extent of melting in a Martian
mantle plume head and the crust-mantle dynamics that
govern the locations of magmatism (and thus the ultimate
scale length of magnetic anomalies) are also difficult to
parameterize in a meaningful way and must be modelled.
This is a particularly interesting direction for future work.

4.3. Absence of Magnetic Anomalies in the Northern
Hemisphere: A Constraint for f?

[42] The demagnetization part of the model is sensitive to
the value of f applied, for which there are no direct

Figure 7. Plot showing the expected elastic thicknesses over a range of f " ht conditions for 205 $
DTex $ 240!C, the preferred excess temperatures identified in Figure 5 (bottom). Dots indicate elastic
thicknesses determined from considerations of the flexural response of the lithosphere to an underlying
mantle plume conduit. Solid diamonds indicate the minimum value for de at which the crust will appear
demagnetized to an orbiting MGS satellite.
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constraints. One indirect control on f is that temperatures
within the basal part of the lithosphere will intersect the
solidus for values of f much smaller than 0.4, leading to
volcanism that would be presumably distributed over the
southern hemisphere, which is not observed. In contrast, if f
approaches unity then de ! dm, and the crust will become
demagnetized for plume excess temperatures much smaller
than are permitted by Figure 3b. Moreover, DTex < 100!C
are insufficient to explain the rate of Noachian-Hesperian
volcanism as well as maintain the Tharsis plume conduit
against the action of unsteady mantle convective motions.
One observation that may provide an additional clue for this
parameter is the absence of magnetic anomalies on the
northern half of Tharsis, as well as on the northern hemi-
sphere in general. In a recent analysis of MOLA topography
and gravity Neumann et al. [2004] find that the Martian
crust thickness north and south of the sharp topographic
dichotomy is largely bimodal, with the average southern
hemisphere crust (#58 km) being about twice the average
thickness of the northern hemisphere crust (#32 km). The
Tharsis bulge overprints the dichotomy (Figure 1), which
suggests that the emplacement of the Tharsis plume fol-
lowed the formation of the dichotomy itself. Assuming that
the mantle and atmosphere are thermally well stirred and at
constant temperature, that the lithosphere thickness is pro-
portional to the crust thickness, and that the crust is
compositionally uniform, then the thermal gradient across
the northern hemisphere lithosphere was possibly about
twice as steep as that in the southern hemisphere lithosphere
in the Noachian. This scenario implies that the Curie
isotherm in the northern hemisphere lithosphere was about
half as deep as it was in the southern hemisphere. Conse-
quently, assuming similar radial temperature variations as in
the southern part and all else being equal over the Tharsis
bulge, a reasonable hypothesis for the absence of magnetic
anomalies on the northern half of the region is that this
reduction in magnetic crust thickness corresponds to a
depth-integrated magnetization that is insufficiently large
to be measured by the MGS satellite (or absent entirely). If
correct, such a hypothesis suggests that f ! 0.5, leading to a
preferred model of 205 $ DTex $ 240!C and 29 $ de $ 40
km, depending on the extent of dynamic support (Figure 7).

5. Concluding Remarks and Future Study

[43] Assuming that the initial uplift of Tharsis postdates
the crustal magnetic field we have investigated a hypothesis
that the absence of radial magnetic field anomalies in the
central part of the rise is related to enhanced heat flow from
an underlying mantle plume. The main aim of this paper is
to show how a joint consideration of the presence and
spatial distribution of radial magnetic field anomalies and
the dynamic topography of the Tharsis region might be used
with a parameterized mantle convection model to constrain
the excess temperature of an underlying mantle plume and
the elastic lithosphere thickness in the Noachian epoch.
Together with additional models for the composition and
thermomechanical state of the mantle such constraints also
give estimates of the heat transfer properties of, and melt
production within, the plume. Depending on the efficiency
by which melt is removed from the mantle to feed eruptions
at the surface, which is not well understood but easily

parameterized [e.g., Kiefer, 2003], this last constraint can,
in turn, be compared with eruption rates inferred on geo-
logic grounds [Greeley and Schneid, 1991]. Our estimates
for the elastic thickness and plume excess temperature
depend on the mantle convection model for early Mars,
the magnitude of flexural support for the Tharsis bulge and
the value for f, the critical fraction of the initially magne-
tized crust that must be raised above the Curie temperature
such that the depth-integrated magnetization is insufficient-
ly large to be measured by the MGS satellite. It is apparent
that improved constraints on the nature of the Noachian
mantle and lithosphere as well as better petrologic controls
on the magnetic carriers and their vertical distribution in the
Martian crust would be of great value.
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