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etized southwestern region. The 3 nT magnetic field contour passes west of
Ulysses Patera, south of Arsia Mons, through Thaumasia Planum and appears largely unmodified by impact
craters, suggesting a post-Noachian origin. This sharp magnetic boundary is most easily explained by thermal
demagnetization caused by pervasive magmatic intrusion throughout the upper crust on its nonmagnetic
side. Using a best guess range of assumptions, we model these intrusions and their demagnetizing effects on
ld contrast of almost two orders of magnitude at 185 km altitude, as determined
agnetometry, exists between the nonmagnetic bulk of the Tharsis province and

preexisting crustal magnetization distributions and fit the resulting model magnetic field magnitudes to ER
magnetic profiles across the boundary. Within the framework of our assumptions, we find that the magmatic
boundary may not be as sharp as its magnetic counterpart, extending over 0–600 km, and that a minimum of
∼10–35 km average accumulated thickness of intrusions are required to completely demagnetize the crust
on the northeast side of the boundary. The best-fit modeled intrusions extend horizontally between ∼120 km
and 220 km beyond the magnetic boundary to the southwest for most of its length, with the inferred
intrusion thickness and penetration distance being larger for minerals with higher magnetic blocking
temperatures (magnetite vs. pyrrhotite). Such thicknesses of intrusion are consistent with magma
production rates similar to those at Hawaii, if we allow accumulation over 0.1 to 1 Ga. If the volume of
intrusion is representative of most of Tharsis, these thicknesses imply average intrusive–extrusive ratios
higher than previously estimated, and in closer agreement with previous magma production estimates based
on heat flow. Mapped fields of late Amazonian small volcanic vents, with diverse morphologies and a wide
spatial distribution, may represent the latest stages of volcanism and record some of the polybaric processes
that likely have occurred as magma intruded multiple levels of the crust. Also, intrusions are inferred to
extend beneath most of the length of the upper southwest rift apron of Arsia Mons, implying that localized
extrusion may be responsible, along with volcanism from the rift zone, for the apron's plateau shape. Lastly,
within our model, the maximum pre-intrusion lateral magnetization coherence scale in this region is found
to be less than ∼200 km.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Tharsis volcanic province is an enormous, uplifted region
that dominates the Western hemisphere of Mars, covering ∼20%
of the planet's surface. It is topographically comprised of a broad
(∼6000 km) rise with relief of several kilometers. The large volcanic
constructs Olympus Mons, Alba Patera, and the Tharsis Montes
(Ascraeus, Pavonis and Arsia) along with a number of smaller, part-
ces, Laboratory, 7 Gauss Way,
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ly buried volcanoes are superimposed on the Tharsis rise and its
periphery.

Crustal magnetic field data, both from the Mars Global Surveyor
(MGS)magnetometer (Acuña et al., 2001; Connerney et al., 2005) and
the Electron Reflectometer (ER) (Lillis et al., 2004; Mitchell et al.,
2007; Lillis et al., 2008a) imply that the bulk of Tharsis is very weakly
magnetized, if at all, whereas strong crustal magnetic fields exist in its
southwestern region. Johnson and Phillips (2005) argue that either
these strong fields are due to early Tharsis crust that was magnetized
by the long-extinct global dynamo-driven magnetic field (e.g. Arkani-
Hamed, 2004; Lillis et al., 2008b), or that this is magnetized pre-
Tharsis crust that has been partially thermally demagnetized by the
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Fig. 1. ER crustal magnetic field map of the Tharsis region. The colors represent crustal magnetic field magnitude at 185 km altitude (Lillis et al., 2008a), overlaid onMOLA topography
(Smith et al., 2001). Numbers represent the location and chronological order of major magma-driven tectonic episodes from Anderson et al. (2001). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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construction of Tharsis. Johnson and Phillips (2005) performed 1-
dimensional calculations to show that the persistent intrusion and
thermal underplating required to explain the topography is sufficient to
raise the temperature of the lower 50% of the crust above the Curie
temperature of magnetite (570 °C), providing a plausible explanation
for the uplifted, magnetized crust in southwestern Tharsis. However,
no research to date has utilized the boundary between the magnetized
and demagnetized portions of Tharsis or modeled the magmatic
processes required to significantly or totally demagnetize Tharsis crust.

In this paper, we focus on these two latter tasks, fitting a thermo-
magnetic model to ER magnetic field data to attempt to constrain the
volume, geographic extent and character of intruded magma, as well
as properties (strength, coherence length and gradient) of both the
currently existing magnetization and that which may have existed
prior to the intrusions. We find that the first two of these properties
can be jointly, not separately constrained (Section 3.1 and Fig. 2),
while the third cannot be satisfactorily constrained by our data. Also,
we attempt to reconcile the intrusion volumes necessary to explain
the observed magnetic signatures with surface evidence of extrusion,
such as the large volcanic shields, the Arsia Mons rift apron and the
fields of small volcanic vents found to the south and east the Tharsis
Montes (Plescia, 2004; Bleacher et al., 2007a,b; Bleacher et al., 2009-
this issue; Sakimoto, 2008; Plescia and Baloga, 2008), along with the
implications for magma production rates and intrusive–extrusive
ratios of magma volume in Tharsis. Finally, we examine implications
for early- or pre-Tharsis magnetized-crust formation rates and
dynamo reversal frequency.

2. Data: Crustal magnetic field measurements from
ER magnetometry

Electron reflection (ER) magnetometry is based on the magnetic
mirror effect, that is, the reflection of charged particles from regions of
increased magnetic field strength. By comparing the pitch angle
distributions of superthermal solar wind electrons moving toward a
planet with the distribution of those electrons reflected from the
planet, the increase in the magnetic field strength can be determined
(Anderson et al., 1976; Lin, 1979; Acuña et al., 1992). 7.5 years of pitch
angle distributions from the MGS Electron Reflectometer were
converted into a map of the magnetic field magnitude |B|, due to
short-wavelength (i.e. crustal) sources only, at 185 km altitude (the
mean altitude at which the electrons' scattering depth reaches unity
in the Martian atmosphere), with a detection threshold for unam-
biguously crustal fields of ∼1 nT in the Tharsis region (Lillis et al.,
2008a). We hereafter refer to this as B185. Fig. 1 shows B185 over the
Tharsis region. Absolute uncertainties in the ER map follow approxi-
mately the formula ΔB185=0.79⁎B1850.5 where B185 is measured in nT.
For example, for B185=(1, 3, 10, 30, 100) nT, ΔB185=(0.79, 1.4, 2.5, 4.3,
7.9) nT. Location errors due to errors in measuring magnetic field
direction average to zero over the hundreds to thousands of data
points in each ER map pixel. However, the map does contain location
errors due tomagnetic field curvature, which can be significant for the
strongest crustal fields on Mars, but are b50 km for B185b100 nT (the
limit of magnetic field strengths we will consider in this paper).

3. Observations

3.1. Constraints on magnetization within Tharsis

The ERmap has a detection threshold of ∼3 nT for crustal magnetic
fields globally, i.e. there exist some features in the ER map weaker
than this threshold which are not consistent over different subsets of
the data (Lillis et al., 2008a). For our purposes, we define the ‘non-
crustal field’ (NCF) region of Tharsis to be all regions from 210°E–
300°E and 20°S–40°N where B185 is below the 3 nT global threshold
(shown as gray areas in Fig. 1). We would like to place some rough
constraints on the strength of crustal magnetization in the NCF region.
Fig. 2a shows a histogram of all ERmap pixels in the NCF region, which
has a median value for B185 of 0.74 nT. We shall use this to estimate
upper bounds on crustal magnetization in Tharsis. There is an inherent
nonuniqueness problem when inverting magnetic field measure-
ments to constrain magnetizations, therefore we have to apply some
reasonable a priori assumptions. We will also take a stochastic
approach to avoid the problem of constraining specific crustal
magnetization distributions.

We separately calculated the average magnetic field 185 km
above each of 50 checkerboard patterns of uniformly magnetized
blocks of 40 km vertical thickness and various lateral extents (i.e.
magnetization coherence scales) between 25 km and 400 km with
each block magnetized randomly in one of two opposite directions,
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consistent with global magnetic field reversals. Vertical and hor-
izontal axes of magnetization were chosen as endmember cases,
consistent with the symmetry of dipolar magnetic fields. Because
magnetic field scales linearly with the magnitude of source magne-
tization, it is straightforward to calculate, as a function of coherence
scale, the strength of magnetization which results in average crustal
magnetic fields equal to the median NCF region value for B185 of
0.74 nT. We plot magnetization strength versus coherence scale in
Fig. 2b.

The magnetization model of Langlais et al. (2004) shows sub-
stantial magnetization within the NCF region. Johnson and Phillips
(2005), using this model, suggest thermal demagnetization was
incomplete, leaving up to 1.0 A/m (e.g. see Syria Planum in their
Fig. 3a). This model assumes iso-volume uniformly magnetized blocks
40 km thickwith an average lateral extent of 173 km. Using these same
assumptions, we find average magnetizations of 0.025–0.040 A/m in
the NCF region, an order of magnitude lower than estimated by these
previous authors using magnetometer data alone.

The thickness of the magnetized layer depends on the primary
magnetic mineral. Dunlop and Arkani-Hamed (2005) conclude that
the historical Curie isothermdepth onMars is likely∼25 km,∼50 km,
and ∼60 km for pyrrhotite, magnetite and hematite respectively.
Titanomagnetite with 40%–60% Ti and a low Curie temperature of
150°–170 °C is sometimes an important carrier of magnetization in
basaltic rocks (O'Reilly, 1984; Krasa et al., 2005), particularly pillow
basalts (Zhao et al., 2002) but has been generally ruled out as the
primary carrier on Mars because its low Curie temperature means its
historical Curie isotherm can be nomore than ∼5–10 km deep. Such a
shallow magnetized layer is susceptible to shock demagnetization
from even modest-sized impacts leaving craters of 50 km diameter
(Shahnas and Arkani-Hamed, 2007). Extrapolating cratering densi-
ties (using the standard −2 power law) from N300 km to N50 km
Fig. 2. (a) Histogram of all B185 measurements inside the NCF region of Tharsis, i.e. all
pixels b3 nT in the box bounded by 210°E, 300°E, 20°S, 40°N or the gray area in Fig. 1.
The median value is 0.74 nT. (b) Assuming an average crustal magnetic field of this
median value, average magnetization for the NCF region are plotted as a function of
average magnetization coherence scale. Stochastically generated checkerboard patterns
of blocks 40 km thick and randomly magnetized in opposite directions are assumed for
lack of any known constraints and for simplicity. Diamonds and triangles represent
vertical and horizontal magnetization respectively. The dotted and dashed lines
represent power law fits through the data points.
from Frey (2008), there have likely been N∼15,000 of such impacts
since the cessation of the Martian dynamo, covering N80% of the
surface. Further, a 5–10 km thick titanomagnetite-dominated
magnetic layer is completely at odds with most published estimates
for the thickness of themagnetic layer onMars: ∼35 km (Nimmo and
Gilmore, 2001), ∼48 km (Voorhies et al., 2002; Voorhies, 2008),
∼50 km (Arkani-Hamed, 2003) and 40–100 km (Arkani-Hamed,
2005). In addition, in a hydrous environment, such as likely existed
on ancient Mars, titanomagnetite oxidizes to titanomaghemite
(TCurie≈300 °C) within b20 Myr (Irving et al., 1970; Johnson
and Atwater, 1977; Bleil and Petersen, 1983; Carlut et al., 2004)
and both minerals oxyexsolve inmagma to intergrownmagnetite and
ilmenite (both with TCurieN500 °C) if the oxygen fugacity is high
enough (Dunlop and Özdemir, 1997, chapter 14). Finally, titanomag-
netite is only a dominant magnetic mineral in the Nakhilites, and a
couple of the Shergotites (Rochette et al., 2005). Therefore, we
consider it very unlikely that titanomagnetite has composed much of
the original magnetized crust since the very earliest epoch of crustal
formation on Mars.

Because the aforementioned thicknesses of magnetized crust are
less than 30% of our observation altitude of 185 km, inferred
magnetizations should scale approximately inversely with magnetic
layer thickness, so the curves in Fig. 2b can be multiplied roughly by
∼1.6, 0.8 and 0.67 for pyrrhotite, magnetite and hematite respectively.
As is clear from Fig. 2b, smaller coherence scales result in larger
inferred magnetizations, but it is worth noting that we find crustal
magnetic fields of up to 200 nT not far outside the ‘crustal magnetic
field boundary’ of Tharsis shown in Fig. 1. Given reasonable magnetic
layer thicknesses, such strong fields require dominant magnetization
coherence scales of at least tens of kilometers to avoid invoking
implausibly large magnetization strengths of N50 A/m. We therefore
conclude that it is likely that crustal magnetization strength in the NCF
region of Tharsis is b0.5 A/m and may be much smaller. Hence, while
it is possible that the crust in the NCF region possesses substantial
magnetic remanence (in which case the extremely weak magnetic
fields over the region are due to a much smaller magnetization
coherence scale compared to themoderate-to-strong fields around it),
the clear evidence of long-lived, pervasive volcanism in this region
argues strongly for widespread thermal demagnetization in this
region by way of intrusive and extrusive magmatism.

3.2. Tharsis tectonic history

Geological investigation including structural mapping of compres-
sional ridges and radiating graben around Tharsis suggests five major
stages of long-lived, magma-driven tectonic activity throughout
Martian history (Dohm and Tanaka, 1999; Dohm et al., 2001a,b;
Anderson et al., 2001), in areas not only associated with central
volcanic constructs (Scott and Tanaka, 1980; Plescia and Saunders,
1982; Solomon andHead,1982; Anderson et al., 2001). Fig.1 shows the
ERmapof Tharsiswith the centers of this tectonic activity (numbered).
The area's oldest tectonic event (Dohm et al., this issue) peaked in the
Noachian and was centered in Claritas Fossae, still a strongly
magnetized region, consistent with an early dynamo magnetic field
being present at that time. The 2nd–4th stages show decreasing
tectonic activity from the late Noachian to early Amazonian eras, with
primary centers in Thaumasia, South Valles Marineris (2nd stage),
Syria Planum (3rd stage) and Alba Patera (4th stage). The 5th stage
occurred during the Amazonian, largely associated with concentrated
activity at the Tharsis Montes and also Olympus Mons (Mege and
Masson, 1996; Anderson et al., 2001; Wilson and Head, 2002).

3.3. The magnetic field boundary near Arsia Mons

We concentrate on the last stage of magma-driven tectonic activity
mentioned above. As discussed in Section 3.1, it is reasonable to
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assume that the associated magmatic intrusions (and possibly
extruded magma) are responsible for extensive demagnetization to
the north and east of themagnetic boundary betweenmagnetized and
demagnetized crust near Arsia Mons. This is an ideal location to study
effects of thermal demagnetization because, not only is there no
global field to re-magnetize cooling magmas or cause induced
magnetization, but the magnetic signature of the (assumed) relatively
recent magmatism and volcanism has not been subsequently altered
by large impacts. Fig. 3 shows this boundary passing between Biblis
and Ulysses Paterae, just south of the caldera of Arsia Mons and east
into Syria Planum, along with five representative profiles of B185
across the boundary. Profiles 1, 2 and 5 are relatively sharp, with a
half-wavelength of ∼100 km, close to the shortest wavelength
possible for magnetic measurements at these altitudes (Blakely,
1995), while profiles 3 and 4 are shallower with a ‘step’. We chose
profile 3 to be longer so it would traverse this entire ‘step’, which
coincides with Arsia Mons southwest rift apron, a feature which
appears to have a weaker magnetic signature than the areas
immediately to the northwest and southeast, perhaps implying partial
demagnetization by the very thick (at least 6 km) accumulation of lava
flows or additional magma intrusion. Because we focus on the
properties of the magnetic boundary itself, as opposed to magnetiza-
tion far from the boundary, we limit the profiles to measurements
before the first local maximum in B185 (not counting the ‘steps’ in
profiles 3 and 4) as one moves southwest across the boundary.

Wewould like to answer the question: what can the shape of these
profiles tell us about the crustal magnetization (i.e. the nature of the
magnetic boundary) and the volume of intruded magma necessary to
explain the observations? If it is the case that the magnetization
Fig. 3. ER crustal magnetic map of the southwestern Tharsis magnetic boundary in the vici
boundary are shown in the bottom panel.
coherence scale does not vary substantially across the boundary, the
average crustal magnetization must decrease by two orders of
magnitude over a distance of a few hundred kilometers. However, to
adequately approximate the physics of magnetization and magmatic
intrusion, a more rigorous approach is required.

4. Modeling

4.1. Modeling of magmatic intrusions

Toapproximate thermaldemagnetizationon thenortheast sideof the
boundary, wemodel the stochastic intrusion of magma in sills and dikes
of between 200mand 800m thickness, with an average lateral extent of
75km, into the right sideof ahalf spaceusinga2-Dfinite volumemethod
(Dufek and Bergantz, 2005). The simulated domain extends from the
surface to a depth of 30 km and 2000 km in the horizontal direction.
Resolution is 200 m. Individual intrusions are modeled as being
emplaced rapidly relative to their cooling timescale, and cool as a single
unit. The sill thicknesses are near theupper-endof thickness ofmafic sills
on Earth, but are similar in thickness to those associated with large
igneous provinces (Elliot et al., 1999). To make room for intrusion, the
crust must extend and/or thicken— our intrusions do not replace crust,
as in previous studies (e.g., Ogawa and Manga, 2007), but are
accommodated by crustal deformation to insure conservation of mass
in the crust. In our simulations, intrusion is accommodated by 33%
extension and 67% crustal thickening (Fig. 4). Crustal thickening is
accomplished bymovingmaterial below the intrusion downward in the
crustal column. This scenario is often referred to as over-accretion in
previous one-dimensional simulations (Wells, 1980; Pedersen et al.,
nity of Arsia Mons. The five numbered northeast–southwest profiles of B185 across this



Fig. 4. Shown is a schematic of magmatic intrusion. Intrusion of magma is accommodated by 67% crustal thickening and 33% crustal extension. Material below a sill is displaced
downward, thickening the crust. Material on either side of dikes is displaced laterally by equal amounts. Panel a shows a schematic of multiple intrusions (in green) deforming and
thickening the surrounding crust (blue). Panel b shows in detail the direction of displacement from a single intrusion (gray). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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1998; Petford and Gallagher, 2001; Annen and Sparks, 2002). Over-
accretion is often assumed because the density of magmas is less than
solidified residues of thesemelts. However, other choices, such as under-
accretion are possible. Over-accretion is the most efficient scenario for
heating the crust, as it intrudes more magma higher in the crustal
column, and pushes other crustal material to greater depths where this
effective burial contributes a modest amount of heating (Dufek and
Bergantz, 2005). For this reason, our assumption about the means of
crustal thickening results in minimum estimates of the amount of
magma required for demagnetization. Accommodation by crustal
extension is accomplished by moving materially laterally away from
dikes. Lateral deformation is assumed to be equal on either side of a dike
in these two-dimensional simulations. Our results are relatively
insensitive to the relative amounts of extension versus thickening.

In these simulationswe assume that dry, basalticmagma is intruding
previously solidified basalt. We assume the basaltic magma is emplaced
at its liquidus temperature of ∼1280 °C. We use petrologic experiments
to constrain the melt fraction to temperature relationship and an
iterative algorithm to partition enthalpy between sensible and latent
heat for the nonlinear melt fraction relationship (Green and Ringwood,
1968; Green,1972; Green,1982; Dufek and Bergantz, 2005; Petcovic and
Dufek, 2005). The thermal conductivity usedwas 1.7W/mK (typical for
basalt) and heat capacity was 1150 J/kg K (Touloukian et al., 1981). We
neglect any temperature-dependenceof thesequantities. The latentheat
for the crystallizingbasaltwas 1×105 J/kg (Barboza andBergantz,1996).

The initial condition is a linear profile of temperaturewith a gradient
of 16 K/km, corresponding to a heat flow of 56 mW/m2, within the
range expected for the late Noachian and early Hesperian (e.g.,Williams
and Nimmo, 2004). This results in a Curie isotherm for magnetite of
approximately 30 km depth, which is somewhat shallower than
previous estimates of the thickness of the crustal magnetic layer,
which liemostly between 35 kmand 48 kmasmentioned in Section 3.1.
Given that we intrudemagma at all depths where magnetization exists,
such differences are not likely to be important. We also neglect the
possible role of hydrothermal circulation in influencing the region that
experiences thermal demagnetization because our previous work
showed that hydrothermal circulation should have a small effect on
thermal demagnetization (Ogawa and Manga, 2007).

Magma is intruded over 100 Ma, ensuring that the thermal effects
of each separate intrusion in the vertical direction are largely
independent (e.g., Petford and Gallagher, 2001; Annen and Sparks,
2002; Lillis et al., 2006). Therefore, in the context of demagnetizing
effects, we can speak equivalently of average intrusion rate and total
depth of magma intruded per area, e.g. 3×10−6 km3/km2/yr in each
sill corresponds to 3×10−6×108 yr×(75 km horizontal sill width/
1000 km total width of intrusion)=22.5 km total average accumu-
lated depth of magma. However, due to the stochastic nature of the
intrusions and the open boundaries of the simulation (i.e. allowing
magma to be pushed out of the simulation domain), the average depth
of upper crust (i.e. top 30 km) by magma is always a smaller quantity:
∼10% less in the above example, with a larger intruded proportional
effect for larger intrusion rates. By 200 Ma, heat has conducted across
into the non-intruded side of the domain and the entire computa-
tional domain has already reached its maximum temperature and is
cooling; at this point we end the simulation.

4.2. Stochastic modeling of crustal demagnetization

Crustal magnetic field measurements at altitude h above a mag-
netic layer are dominated by wavelengths approximately equal to h
but also contain substantial information in wavelengths shorter and
longer than h (e.g. Blakely, 1995, chapter 11). The higher the signal
fidelity (i.e. the lower the non-crustal ‘noise’), the wider the range of
wavelengths which contain information about the magnetization in



Fig. 5. Top panel illustrates geometry of magnetization model showing magnetization
gradient with and coherence scale. Adjacent crustal blocks are magnetized randomly in
one of two opposite directions. Middle panel plots modeled profiles of B185
corresponding to a coherence scale of 100 km and a series of magnetization gradient
widths. Lower panel plots profiles of B185 corresponding to a gradient width of 0 km
(i.e. sharp magnetization cut off) and a range of magnetization coherence scales.
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the layer: its strength, direction, depth and thickness (e.g. see Eq.
(11.35) of Blakely, 1995). This wavelength range is not symmetric
about h, extending substantially further to longer wavelengths
compared to shorter ones. Uncertainties in the ER magnetic
measurements are ∼8%–30% for the values of B185 above 3 nT (Lillis
et al., 2008a) in our magnetic profiles shown in Fig. 3, so we should
expect our measured ER profiles to have some sensitivity to features in
the subsurface magnetization at somewhat smaller, as well as
substantially larger wavelengths than 185 km.

Since equivalent-source modeling of magnetization requires
vector magnetic field information (reliable, well-sampled measure-
ments of which are not available at these low altitudes) and suffers
from inherent nonuniqueness (Blakely, 1995), we don't attempt to
uniquely constrain subsurface magnetizations. Instead, we take a
stochastic approach as in Section 3.1 and concentrate on general
characteristics of the subsurface magnetization distribution. There-
fore, we lay down a 30-km-thick, 3-dimensional ‘checkerboard’
pattern of blocks of a given lateral extent (i.e. magnetization co-
herence scale). Each block is magnetized with a strength randomly
assigned between 7 A/m and 9 A/m and a direction randomly in one
of two opposite directions, representing magnetization acquired in
a globally reversing field. We approximate the thermal demag-
netization process by setting to zero (with horizontal and vertical
resolutions of 25 km and 1 km respectively) the magnetization of
all regions of the thermal model where the maximum temperature
TmaxNTblock (i.e. magnetic blocking temperature) for a given mineral.
This is appropriate owing to the manner in which most magnetic
minerals, as they are heated, lose little magnetization until very near
Tblock (e.g. Néel,1955; O'Reilly,1984).We calculate the resultingmodel
values of B185, which are compared with the ER measurements shown
in Fig. 3, in order to determine the optimal horizontal offset (i.e.
between data and model) and goodness-of-fit χ2 for each model run.
Since we are primarily interested in the nature and origin of the
magnetic boundary, not the average magnetization strength (which
can be estimated as in Section 3.1), and since the remote magnetic
field generated by a magnetized prism scales linearly with the
magnetization strength in the prism, we normalize both model and
data before comparison; i.e. the 7–9 A/m range is arbitrary. To account
for the full range of plausible magnetization distributions, we perform
300 model runs (i.e. 300 randomly chosen magnetization distribu-
tions) for each combination of model parameters, as discussed below.
Following this normalization, we find no significant differences
between using total magnetic layer thicknesses of 20 km, 30 km,
40 km and 50 km, nor (for our chosen nominal case of 30 km) between
using 6 layers of 5-km-thick blocks, 3 layers of 10-km-thick blocks and
2 layers of 15-km-thick blocks. That is, horizontal scale is much more
important for explaining the observed field than vertical scale.

4.3. Effects of magnetization coherence scale and magnetization gradient

When, as it does in our model, crustal magnetization falls from
some average value to zero as a function of horizontal distance, the
manner in which the associated magnetic field falls to zero depends
upon the observation altitude (e.g. Blakely, 1995), the steepness of the
gradient in magnetization (i.e. how quickly it falls to zero) and to a
lesser degree, the magnetization coherence scale (see supplementary
material in Lillis et al., 2008b). Fig. 5 illustrates this point, showing a
random pattern of magnetization of 5-km-thick blocks with a lateral
coherence scale of 100 km and a magnetization gradient width of
800 km, followed by average curves of B185 resulting from different
gradient widths and coherence scales. Of course, we are not arguing
that this is an accurate depiction of the subsurface magnetization as
one traverses the magnetic profiles from Fig. 3; it is meant only to
illustrate a plausible scenario, serving to show the sensitivity of the
B185 profiles to gradients and coherence scales in crustal magnetiza-
tion near a demagnetization boundary. However, we do know there
must be at least moderately magnetized crust southwest of the
magnetic field boundary and that there is probably substantially
weaker magnetization inside the NCF region to the northwest of the
boundary. Therefore, we conclude that, within the confines of this
plausible model, Fig. 5 shows that we should be able to at least jointly
constrain the coherence scale and the width of the region over which
subsurface magnetization decreases. Unsurprisingly, coherence scales
less than our observation altitude (i.e. the 50 km and 100 km curves)
are indistinguishable, while 200 km is slightly shallower and 400 km
substantially shallower. These modeling exercises show that magnetic
field line curvature-induced location errors (see Section 2) should
preclude us from distinguishing between the B185 curves for
coherence scales of ∼200 km or less, but should allow us to identify
larger scales, say to distinguish between 200 km and 400 km
coherence scales. Also as expected, demagnetization gradient widths
of less than 300 km are the steepest (and are essentially indis-
tinguishable) with significantly shallower slopes for gradient widths
N500 km. Fits to data will be shown in Section 5.

4.4. Direction of magnetization

We attempted to constrain the direction of subsurface magnetiza-
tion by varying the direction of the magnetization, assuming again
that magnetizationwas parallel or anti-parallel to a single direction. It
was generally found that the B185 curves were slightly steeper for
cases where the magnetization axis was parallel to the plane of the
demagnetization boundary, i.e. for our case of the magnetic field
boundary running northwest to southeast, an axis pointing anywhere



Fig. 6. Temperature is plotted as a function of depth following the surface emplacement of lava flows at 1280 °C. The solid black curved represents themaximum temperature reached
during the calculation. Dotted gray vertical lines represent the blocking temperatures of titanomagnetite (T— 150 °C) pyrrhotite (P— 325 °C), magnetite (M— 580 °C) and hematite
(H— 670 °C). Top row: 50 m, 100 m and 250 m-thick lava flows. A new set of depth–temperature curves is drawn in grayscale every 200 years, for a total of 6000 years. Bottom row:
1.6 km, 4 km and 6 km-thick lava flows. A new set of curves is drawn every 60,000 years, for a total of 2 million years.
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along a circle whose 4 equidistant directions are down, up, northwest
and southeast. This is to be expected since the magnetic field of a
dipole is stronger along the dipole axis compared to the equator.
However, the difference was not large enough to meaningfully con-
strain magnetization directions.

4.5. The effect of surface lava flows on subsurface magnetization

The southwestern Tharsis plains are covered with Amazonian lava
flows fromArsia and PavonisMons, Biblis and Ulysses Paterae (Plescia,
2004) and numerous small vents (Bleacher et al., 2009-this issue;
Sakimoto, 2008; Plescia and Baloga, 2008). These flows represent
dozens, perhaps hundreds, of individual effusive events which
formed over hundreds of millions to a billion years, with each event
depositing a lava flow of between ∼1 m and ∼100 m thick (Wilson et
al., 2001; Plescia, 2004). On the southwest rift apron of Arsia Mons,
the accumulated flow thickness is at least 6 km based on measure-
ments of rift apron height (Bleacher et al., 2007b) relative to the
adjacent Tharsis plains flows. Therefore it is prudent to investigate the
cumulative demagnetizing effects of such surface flows before
focusing on the effects of intrusions.

Assuming one-dimensional heat conduction with the same
assumptions mentioned previously for thermal conductivity, density,
specific heat and surface and magma temperatures, we place lava
flows of 50 m, 100 m and 250 m thickness on the surface and observe
how they cool over 6000 years, through conduction to the ground
beneath and radiation to the atmosphere above (we ignore conductive
Table 1
Depth of magnetization resulting from the instantaneous emplacement of surface lava
flows of 50m,100m and 250m thickness in the case of four candidateMartianmagnetic
minerals.

Surface lava flow thickness

Depth of demagnetization 50 m flow 100 m flow 250 m flow

Titanomagnetite (Tblock=150 °C) 46 m 89 m 224 m
Pyrrhotite (Tblock=325 °C) 24 m 42 m 99 m
Magnetite (Tblock=580 °C) 9 m 10 m 13 m
Hematite (Tblock=670 °C) 4 m 4 m 5 m
and convective cooling by the atmosphere), paying attention to the
rise in temperature of the subsurface as a function of depth in order to
determine the demagnetizing effects of such flows. Results are shown
in Fig. 6 and Table 1.

We consider the entire possible range of blocking temperatures for
Martian magnetic minerals from titanomagnetite (Tblock=150 °C) to
hematite (Tblock=670 °C). For titanomagnetite, demagnetization
extends to a depth of ∼90% of the flow thickness for these reasonable
individualflow thicknesses. For pyrrhotite (Tblock=325 °C), the depth is
∼33%–50% of the flow thickness, while for magnetite (Tblock=580 °C)
and hematite (Tblock=670 °C) only an additional ∼2%–15% is demagne-
tized. In addition, demagnetization occurs quickly: from b1 year for a
50m thickflowandmagnetite to b∼1000 years for 250m thickflowand
titanomagnetite (see Fig. 6, top row).

Similar calculations (Fig. 6, bottom row) show that ∼1.6 km of lava
flows need to be emplaced in only a few thousand years (and in
episodes of hundreds of meters thickness at a time) to completely
demagnetize the crust in the case of titanomagnetite and N4 km of
flows in the case of pyrrhotite (slightly less leaves several kilometers
still magnetized), while even a highly implausible 6 km emplaced in
such a short time would only demagnetize additional ∼1 km of crust
in the case of magnetite.

These results are consistent with the illustrative work of
Connerney et al. (2005) who conclude that a single layer of lava
emplaced all at once can raise the temperature of the crust by at least
∼260 °C to a depth of just less than half of the layer thickness.

Our simulations imply that, unless implausibly large depths of lava
accumulate extremely quickly and the primary magnetic carrier has a
very low blocking temperature (an unlikely scenario as discussed in
Section 3.1), the depth of demagnetization beneath today's surface
should be only slightly greater than the total accumulated depth of
surface lava. This is because the effects of each new flowon the surface
will only be to heat above the Curie point crust to a depth of a few tens
of percent of its thickness. Once that flow cools sufficiently (tens to
hundreds of years for typical flow thicknesses), the next flow on top of
it cannot demagnetize any crust deeper than was already demagne-
tized by its predecessor, unless it is several times thicker. It is im-
portant to note that, in the special case of very substantial subsurface



Fig. 7. Illustration of thermal–magnetic modeling and fit to ER data. The top panel shows normalized ER magnetic field magnitude at 185 km from profile 5 (dashed black line). The
average (red) and best (blue) fits from 300 model runs are shown for a typical set of parameters: a total accumulated average of magma depth of 30 km, radial up-down
magnetization, 100 km coherence length and a blocking temperature of 580 °C. The best individual fit (blue line) leftward of 0 km has no bearing upon the fitting process and is
shown only for completeness and, because each individual fit has a different normalization factor and horizontal offset with respect to the ER profile, the average fit (red line) is not
defined beyond the ER profile. The remaining panels show, as a function of depth and with the mean horizontal offset derived from that fit, the associated model temperature
distribution and, for magnetite, the magnetization distributions for magnetite (Tblock=580 °C). The associated distribution for pyrrhotite (325 °C) is shown for contrast. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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magma intrusions where, as a consequence, nearby magnetization is
concentrated in the upper 5–10 km of crust, several kilometers
thickness of surface lava flows, even if they accumulate slowly so as
not to cause any additional demagnetization, can still significantly
alter crustal magnetization. Fig. 10 illustrates this point.

We conclude that in all likelihood surface flows have a negligible
effect on bulk subsurface magnetization, and hence substantial
magmatic intrusions are required in order to demagnetize Tharsis
crust to the extent implied by the ER observations. We will now
attempt to constrain the volume of such intrusions.

4.6. Goals of the fitting/modeling exercise

Fig. 7 shows our fitting procedure for onemagnetic profile across the
boundary, and demonstrates two important features of these simula-
tions. First, the boundary of the region of very low crustal field (below,
say, 3 nT) does not represent the spatial extent of the magnetized crust.
The crustal field goes to zero at some additional distance comparable to
the altitude of observation: ∼200 km in this case. Second, partial
demagnetization of crust can extend many hundreds of kilometers past
the boundary of intrusion, if magma volumes are high enough.

With the help of this modeling, the magnetic profiles across the
boundary can help us to address threemajor issues about the nature of
both the magnetization and the magmatic intrusions.

(1) We would like to constrain, within the confines of our model,
the volume of intruded magma necessary to thermally
demagnetize the crust sufficiently to explain the extremely
weak crustal fields on the northeast side of the boundary.

(2) We would like to use the shape and steepness of the profiles to
jointly constrain the gradient and average coherence scale of
the crustal magnetization, as discussed in Section 4.3.
(3) We wish to determine insofar as possible the likely geographic
extent of both the thermal demagnetization and the magmatic
intrusions themselves, relative to the ER magnetic boundary, as
this contains valuable information about the magmatic pro-
cesses that have shaped Tharsis.

5. Results

5.1. Necessary magma volume and Curie temperature

To determine, within the confines of our model, the minimum
volume of intruded magma per area necessary to completely
demagnetize Tharsis crust on the northeast side of the boundary,
we performed fitting for eight values of magma intrusion rate
(equivalent to 3.75, 7.5, 11.25, 15.0, 18.75, 22.5, 30.0, 37.5 km average
total accumulatedmagma thickness in the top 30 km of crust). Again,
as mentioned in Section 4.1, we note that due to extension and
crustal thickening accommodating the intrusions, and the random
and discrete nature of individual intrusions, 37.5 km equivalent
intruded thickness will nearly (∼95%), but not completely, replace
all upper crustal material that remains in the 30 km-thick
computational domain. This fitting was performed for 3 values of
magnetization coherence scale and 2 blocking temperatures (325 °C
and 580 °C; pyrrhotite and magnetite, to represent reasonable low
and high Tblock minerals respectively), while fixing the magnetiza-
tion direction axis as vertically up-down (in Section 4.4 we showed
that direction was negligibly important). Fig. 8 shows that, as
expected, lower magma volumes produce more demagnetization
(i.e. fit the data profiles better) for lower blocking temperatures. In
addition, independent of magnetization coherence scale, ∼25–30 km
accumulated depth of intruded magma in the top 30 km of crust is
required for complete demagnetization of magnetite (i.e., ≥85% of



Fig. 8. Plots of the goodness-of-fit χ2 for each of the five ER crustal magnetic profiles as
a function of the average depth of magma intruded for three values of magnetic
coherence length. Solid and dashed lines represent magnetic blocking temperatures of
325 °C and 580 °C respectively.
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crust is displaced), while 10–15 km (i.e. 33%–50% displacement) is
required in the case of pyrrhotite. While not shown in Fig. 8,
hematite requires ∼30–35 km accumulated depth of magma (i.e.
≥90% replacement), while the rather unlikely case of titanomagne-
tite (as discussed in Section 3.1) requires just 5–10 km (i.e. 17%–33%).
It must also be noted that, because we assumed a situation of over-
accretion instead of under-accretion in our magma intrusion model
(see Section 4.1), these quoted thicknesses are lower bounds for the
amount of magma needed to demagnetize the crust consistent with
the ER observations.

5.2. Magnetization gradient and coherence scale

Following the discussion in Section 4.3, it is clear that magnetiza-
tion gradient and magnetization coherence scale are somewhat non-
orthogonal factors in determining the slope of B185 — changes in each
canmimic the other to some degree. Therefore, we varied them jointly
in order to constrain the portion of parameter space that provides the
best fit to the five ER data profiles. The results are shown in Fig. 9. For
all profiles, the best fits are constrained to ≤∼200 km in coherence
length and ≤∼700 km in gradient width. Coherence lengths of
≤∼100 km appear to fit slightly better, if not statistically unambigu-
ously so. Gradient widths are typically ≤∼600 km for profiles 1, 2, 4
and 5, whilewidths are≤700–800 km for profile 3, which is shallower
overall than the other profiles. These fits provide reasonable bounds
on the nature of the magnetization boundary: it is probably not wider
than∼600 km and the typical lateral extent of a uniformlymagnetized
block of pre-existing crust (i.e. magnetization coherence scale) is
more than likely ≤200 km and very likely ≤300 km.

5.3. Nature and location of the magnetization and magmatic intrusion
boundaries

We are not only interested in the magnetization boundary, but also
the magma intrusion boundary, i.e. how far southwest the intrusions
must extend in order to explain the ER magnetic field observations. As
shown in Fig. 7, crust several hundred kilometers from the edge of the
intrusion can be heated substantially, leading to a blocking tempera-
ture-dependent horizontal offset between these boundaries. To
investigate the nature and location of the inferred boundaries in
both demagnetization and magmatic intrusion, we performed sim-
ulations of thermal demagnetization of both pyrrhotite and magnetite
by a pattern of magmatic intrusion that decreases with a constant
gradient over a series of widths from 0 km to 1000 km. The sim-
ulations were performed separately for the case with negligible
surface lava flows and the case with 24 separate 250-m-thick flows,
spread evenly in time over 100 Ma, extending varying distances past
the midpoint of the computational domain, to represent the ~6-km-
thick Arsia Mons southwest rift apron (profile 3) (Fig. 3). This offset
between the lava flow and magmatic intrusion was determined
separately by trial and error for the twomagnetic minerals considered
and shall be justified presently. The intrusion rate was such that
intrusions make up ∼84% of the 30 km depth of the region with
intrusion (i.e. right-hand side of the domain), consistent with the
findings of Section 4.5. Fig. 10 shows the maximum temperature
reached for the 600 kmmagma gradient width case, with andwithout
the rift apron lava flows, with contour lines for the approximate edge
of the intrusion, and the blocking temperatures of pyrrhotite and
magnetite. We set the magnetization coherence scale to 100 km,
consistent with results in the last section.

Fig. 11 shows the results of these simulations. The left column plots
the goodness-of-fit χ2 versus gradient width of the magmatic
intrusions for the case of magnetite and pyrrhotite, as well as the
gradient width of the magnetization also plotted in Fig. 9. This shows
that the well-fitted range of magma intrusion gradient widths is
similar to the well-fitted range of magnetization gradient widths,
which is not surprising given that the former should strongly
influence the latter. The middle column of Fig. 11 plots the distance
of the ER magnetic field boundary (i.e. 3 nT) to the center of either the
modeled intrusion boundary (e.g. 0 km in Fig. 10, referred to here as
the magma-ER offset) or the center of the magnetization boundary
(e.g. 0 km in the top panel of Fig. 5, referred to here as the demag-ER
offset) versus gradient width.

When we consider only those gradient widths with the lowest χ2

values, we find a linear dependence of magma-ER offset and demag-
ER offset on gradient width (linear fits are shown by dashed gray lines
in the middle column of Fig. 11). The y-axis intersection and slope of
the best linear fit to this dependence provides respective estimates of
(1) the distance from the 3 nT magnetic field contour to the point at
which the depth fraction (of either intrusion or demagnetization), for
all best-fitting cases of gradient width, is reduced by the same factor f
and (2) the value of (0.5− f). The right column of Fig. 11 plots the five
ER magnetic profiles along with the range (and average) of modeled
linearly decreasing magma intrusion and demagnetization profiles
that result in the best fits to those profiles.

Because a relatively large range of gradient widths provide equally
good fits to the magnetic field data, these average modeled intrusion
and demagnetization profiles decrease to zero over distances of
∼400 km, though 50% of the decrease occurs over 100–150 km. For
convenience, we examine the offset distance at which the modeled
demagnetization/intrusion fraction reduces to 0.5, as shown inTable 1.
For profiles 1, 2, 4 and 5 the results are quite similar. The inferred



Fig. 9. Goodness-of-fit χ2 for the five ER profiles of B185 as a function of lateral magnetization coherence scale and magnetization gradient width as line plots (left column) and color
plots (right column).
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demagnetization extends 213–267 km past the 3 nT magnetic field
contour, while the inferredmagma intrusion extends 122–162 km and
175–219 km past the ER boundary for the cases of pyrrhotite and
magnetite respectively. This is to be expected since heat from the
intrusionswill demagnetize crust at larger distances for lower blocking
temperatures (e.g. see Fig. 10).

For profile 3, although the demagnetizing effects on crust under-
lying the lava flows constituting Arsia Mons' southwest rift apron are
minimal, they effectively bury otherwise magnetized crust to a depth
at which the large nearby intrusions may demagnetize it, so their
inclusion in the modeling exercise is important. The right panel of
Fig. 10 shows this clearly. Joint examination of MOLA topography and
B185 along profile 3 shows that the rift apron extends ∼275 km
southwest past the 3 nT magnetic contour. Here, it is referred to as the
lava-ER offset. Using similar nomenclature, the lava-magma intrusion
offset (which can be positive or negative) must be chosen such that,
when added to the magma-ER offset (determined by the fitting
procedure and listed in Table 1), approximately equals the lava-ER
offset of 275 km. Through trial and error, we found the optimal lava-
magma offset to be around ∼100 km in the case of pyrrhotite and
∼0 km in the case of magnetite. If we don't include the effects of
surface lava flows for profile 3, very different results are obtained for
the locations of the inferred intrusions, as shown in the right column
of Fig. 11 and in Table 2, underlining the importance of including the
effects of very thick accumulations of surface lava flows, such as those
found on and near the flanks of large volcanoes.

Though we have only examined in detail these 5 ER profiles, they
are closely spaced enough (∼300 km) that thermal demagnetization



Table 2
Distances from the 3 nTmagnetic contour to the location at which the average fractional
magma or demagnetization depth has reduced from 1 to 0.5. For profile 3-lava case:
⁎assumes a 100 km offset between the center of the magmatic intrusion and the end of
the lava flow. ⁎⁎: assumes 0 km offset. Note: offset+above distance≈∼275 km=fixed
distance of Arsia Mons southwest rift apron plateau from ER boundary.

Distance (km) from3 nTcontour to0.5magma/demagnetization
depth fraction

Profile Tblock=325 °C Tblock=580 °C Demag. boundary

1 137 191 227
2 162 214 255
3-no lava 351 351 441
3-lava (6 km thick) 169⁎ 282⁎⁎ 412
4 158 219 267
5 122 175 213
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models fitted to them should provide a reasonable estimate of the
extent of magmatic intrusion over a portion of the southwestern
Tharsis magnetic boundary bracketed by these profiles. By simple
interpolation between the profiles, and by assuming that the magma
boundary is tangential to a representation of the magnetic boundary
boxcar smoothed over a 200 km interval, we draw contours on the ER/
MOLA map representing the ‘boundaries’ of inferred demagnetization
and magmatic intrusion, i.e. the locations at which the average
modeled magma intrusion and demagnetization fractions equal 0.5.
These contours are shown in Fig. 12.

It is worth emphasizing the limitations and assumptions of the
exercises we performed in this paper. First, and most fundamental, we
assume that the weak or absent crustal magnetic fields above Tharsis
are due to thermal demagnetization in a post-dynamo era, i.e. that the
crustal magnetization goes to zero over some finite distance. Second,
the contours in Fig. 12 are based onmodeled patterns of demagnetiza-
tion and magma intrusion that are consistent with the five ER mag-
netic field profiles we considered. Values of B185 away from
these profiles do not affect the inferred intrusions. As mentioned in
Section 3, the profiles extend from the demagnetized region only to
the nearest local maximum in B185 and thus are not sensitive to
variations in magnetization farther from the magnetization boundary.
As an example, consider the region of very low crustal magnetic field
centered at 20°S, 239°E. Applying our thermo-magnetic modeling
method to a profile crossing this region would undoubtedly result in
an inference of complete thermal demagnetization on a horizontal
scale of at least 400 km. Third, we do not quantitatively use any
complementary information in order to constrain the patterns of
intrusion. The thick lines in the right column of Fig. 11 and the
contours in Fig. 12 simply represent the average of a range of
artificially generated magmatic intrusion scenarios that best fit these
ER profiles within the confines of our magnetization modeling.
Fig. 10. Maximum temperatures from modeled magmatic intrusion patterns for a gradient
accumulation of flows extending 100 km past the center of the magma boundary to represen
black line, while the black curves are contours for demagnetization of pyrrhotite (325 °C) a
It is encouraging that the crustal thickness map of Neumann et al.
(2004) shows some of the thickest crust on the planet (almost 100 km
inferred thickness) underneath Arsia Mons, around 240°E, 10°S, with
the crust rapidly thinning as one moves away to the west, southwest,
and south. The contours of the extent of inferred magma intrusion
(Fig. 12) roughly correlate with the crustal thickness contours in Fig. 7
of Neumann et al. (2004): i.e. the crust is substantially thicker in
approximately the same locations where it has been so completely
demagnetized. Large-scale, pervasive magmatic intrusions over time
can explain both the thickened crust and very weak crustal magnetic
field.

6. Discussion

6.1. Relating pervasive intrusion to surface volcanic features

Despite some inherent limitations (such as nonuniqueness) to our
magmatic–magnetic modeling and data-fitting exercise, we are left
with a reasonably confident estimate of theminimum thicknesses and
geographic extent of substantial intrusions emplaced over the post-
dynamo history of Tharsis. Depending on the dominant magnetic
mineral, minimum cumulative magma intrusion thicknesses of 10–
35 km are required to explain the extremely weak crustal magnetic
fields on the northeast side of the boundary between the extensively
nonmagnetic bulk of Tharsis (whichwe refer to as the NCF region) and
its moderately magnetized southwestern portion. The relatively clear
magnetic boundary, unmodified by large impact craters, implies that
some significant fraction of this intrusion occurred since the end of the
Noachian era, which is consistent with the geological evidence for a
large, magma-driven tectonic episode centered within the Tharsis
Montes chain in the late Amazonian (Mege and Masson, 1996;
Anderson et al., 2001; Wilson and Head, 2002). The sharpness of the
magnetic boundary, however, does not require a sharp magmatic
boundary; that is, the region in which magma intrusions cause
demagnetization does not have to be an abrupt boundary, but may
be spread out over as much as several hundred kilometers.

6.1.1. Intrusion beneath the Arsia Mons southwest rift apron
Given our conclusion that significant subsurface intrusion most

likely occurred, we can now look for a connection to the surface
expression of melting in the form of features such as flow fields, large
shields, and small volcanic vents which populate this region of Tharsis.
We beginwith the rift apron southwest of ArsiaMons. Here the crustal
magnetic fields are substantially weaker than regions immediately
adjacent to the northwest, west, southwest and southeast as shown in
Figs. 3 and 12. The extensive southwest Arsia Mons rift apron has long
been known to display an increase in slope at several hundred
kilometers from the shield volcano (Carr et al., 1977; Mouginis-Mark,
width of 600 km for the case of negligible surface lava flows (left) and a 6 km-thick
t the Arsia Mons rift apron. The extent of the intrusion is shownwith a diagonal straight
nd magnetite (580 °C).



Fig. 11. Fitting results from modeling of linear gradients in demagnetization and magmatic intrusion for each of the ER profiles. In all plots, green lines represent the boundary of
demagnetization (i.e. black areas in the top panel of Fig. 8), while blue and red lines represent the boundary of magmatic intrusion for magnetic blocking temperatures of 325 °C and
580 °C respectively. Profile 3 is shownwith and without taking account of the demagnetizing effects of the 6 km-thick accumulation of lava flows forming the southwest Arsia Mons
rift apron. The left column plots the goodness-of-fitχ2 versus the gradient width (defined in Fig. 8). The center column shows the best-fit distance from the 3 nTcontour of B185 to the
center of the intrusion (i.e. ‘0 km’ in Fig. 10) as a function of gradient width, with linear fits to those gradient widths having the lowest values of χ2 shown as dashed gray lines. The
right column plots the five ER magnetic field profiles (solid black lines, left y-axis) and the corresponding best-fitting individual (thin lines) and average (thick lines) modeled
fractional depths of demagnetization and magma intrusion (red, green, blue lines, right y-axis). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 12. Electron reflection map of southwestern Tharsis, with B185 overlaid on shaded MOLA topography. White dashed lines are the same ER profiles shown in Fig. 2. The contours
offset southwest from the 3 nT contour of B185, represent the locations, boxcar smoothed over 200 km from the ER profiles, at which the modeled fractional thermal demagnetization
(green) and fractional depth of magma intrusion (blue for Tblock=325 °C— pyrrhotite, red for 580 °C—magnetite) reduces from 1 to 0.5 as onemoves southwest across themagnetic
boundary. See the right column of Fig. 11 for plots of these modeled quantities for each ER profile. The solid and dashed contours represent these locations with and without taking
into account the demagnetizing effects of the ∼6 km of the cumulative lava flows forming the southwest rift apron of Arsia Mons. Thick black boundaries represent fields of small
volcanic vents mapped by Bleacher et al. (2008), Plescia and Baloga (2008) and Sakimoto (2008), while the yellow dots represent individual vents mapped and analyzed by Bleacher
et al. (2008). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2003) forming a ‘plateau’ extending ∼230 km from the edge of the
main flank and ∼275 km from the ER magnetic boundary. Carr et al.
(1977) suggested that the plateau results from a decrease in lava flow
lengths through time that were erupted from the rift zone, which was
confirmed by lava flow mapping that shows younger flows near the
rift zone burying older, long flows at greater distance from Arsia Mons
(Bleacher et al., 2007a,b). However, our modeling results, taking into
account the large thickness of the rift apron surface flows, suggest that
intrusions may extend beneath the apron, ∼170–280 km from the ER
boundary (or ∼200–300 km from the caldera), depending upon
magnetic mineral. At least for the case of magnetite, the horizontal
extent of inferred intrusion away from the volcanic center is almost
equal to the distance over which lava flows were emplaced to build
the rift apron. Even for pyrrhotite, the intrusions are inferred to extend
to ∼65% of the length of the rift apron. On Earth, the surface flows and
magmas intruded into continental crust during rifting in the North
Atlantic shows a similar spatial relationship: the lateral extent of sills
in the lower andmid crust is similar to the distance over which surface
flows traveled (e.g., White et al., 2008). Furthermore, the Arsia Mons
caldera displays a group of late Amazonian small volcanic vents
(Mouginis-Mark, 2003; Neukum et al., 2004; Bleacher et al., 2007b)
indicating that small magma bodies were intruded and reached the
surface in this region, andMouginis-Mark (2003) suggested that there
is at least one eruptive vent within the rift apron.

6.1.2. Intrusive-to-extrusive ratios for Tharsis magmatism
Our conclusion of likely weak or absent magnetization in volcanic

regions (which requires that a large fraction of the magnetized crust
intruded by post-dynamo magmas), is consistent with previous
studies of Tharsis (Johnson and Phillips, 2005) and at Martian
highland volcano settings (Lillis et al., 2006, 2008a). According to
our model, the total thickness of intruded post-dynamomagmasmust
exceed 10–35 km, depending on the blocking temperature of the
dominant carrier of magnetization, as mentioned earlier. This
conclusion should not be significantly altered even if hydrothermal
circulation played a large role in cooling intruded magmas (Ogawa
and Manga, 2007). If we take half of the 6 km thickness of the Arsia
Mons rift apron as an upper bound on the average thickness of
extrudedmagmas in this entire part of Tharsis, the ratio of intruded to
extruded (I/E) magma volume is at least between 3 and 10. This range
is similar to previous global estimates for Mars of 5–12 (Greeley and
Schneid,1991) and typical of values on Earth (e.g., Crisp, 1984). On the
other hand, an upper bound can be inferred if we assume the extruded
counterpart of the post-dynamo intruded sills and dikes is related
only to the small vents in the vent field south of Pavonis Mons (shown
in Fig. 12 bordered in black). With an estimated volume of 2500 km3

based on the mapping of Bleacher et al. (2009-this issue) and global
aspect ratios of Hauber (2007), compared with the ∼0.6–1.8 million
km3 of intrusions required to account for thermal demagnetization in
the region of the vents, the upper bound on the I/E ratio is 250–750.
The true value could be significantly lower than this upper bound,
given that we are probably underestimating the total extruded
volume because older vents (and the extrusion therefrom) may
have been buried by subsequent lava flows, and because this bound is
significantly higher than the range of measured ratios on Earth of 1–
100 (White et al., 2006). Even our lower bound estimate of 3–10,
while similar to global values on Earth, is higher than at basaltic
volcanoes away from regions of active extension, for example, at
shield volcanoes (White et al., 2006).

Our inference of extensive intrusion provides a way to reconcile
previous estimates of magmatism based on heat flow (Carr, 1999;
Manning et al, 2006) and photogeologic evidence (Greeley and
Schneid, 1991) in the late Noachian to the present. Heat flow-based
estimates predict N20 times the amount of magmatism compared to
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surface mapping, consistent with large quantities of magma being
intruded into the crust. This intrudedmagma has to be accommodated
by either extensive crustal thickening or extension within the Tharsis
province. The gravity-based inference of thickened crust below
Tharsis (Neumann et al., 2004) supports the former.

We speculate that our inferred small fraction of extruded magma
reflects the inability of melts to become buoyant enough to reach the
surface, perhaps because the volatile species (H2O, CO2) that form
bubbles and provide buoyancy, were largely depleted from the mantle
by Hesperian–Amazonian times (Manning et al., 2006; O'Neill et al.,
2007; Hirschman and Withers, 2008). While minimum volumes of
magma required to demagnetize the crust are well constrained by
observations and models in the thermo-magnetic framework, the
accumulation time, and hence magma production rates, are less well
constrained. Assuming an areal extent of 1.0×106 km2 (i.e. most of
southern Tharsis) and 10 km magma intrusion thickness we estimate
rates of between 0.01 and 1.0 km3/yr based on whether the magma
was intruded over 109 or 107 yr, respectively. These rates are similar to
present day Hawaiian hot spot production rates of ∼0.1 km3/yr (Vogt,
1979) and are probably less than the maximum estimated production
rate near the inception of Hawaiian magmatism (e.g. ∼0.6 km3/yr)
(Vidal and Bonneville, 2004). Jellinek et al. (2008) predict similar
rates of melt generation from Martian mantle plumes.

6.1.3. Relationship of intrusion to fields of small volcanic vents in Tharsis
We can also consider the origin of the fields of hundreds of small,

relatively young volcanic vents which have beenmapped in the region
south, southeast and east of Pavonis Mons and in Thaumasia (Bleacher
et al., 2009-this-issue; Sakimoto, 2008; Plescia and Baloga, 2008).
Statistical analyses of the spacing and alignment relationships
between small volcanic vents in this area suggest that they formed as
the result of the ascension of independent magma bodies through the
crust and that their development displays influences from buried
Noachian-aged crustal structures (Bleacher et al., 2009-this issue). To
produce the degree of demagnetization we observed, magmas have
apparently ascended through and stalled at all levels of the upper crust
(upper 30 km) and did not necessarily pool at either the brittle–ductile
transition or at the base the crust. The large volcanic edifices in the
Tharsis province may reflect the density, rheological or large-scale
structural trapping of magma originating in the mantle. Small volume
vents, with a wide diversity of morphologies and a wide spatial
distribution (Bleacher et al., 2009-this issue; Sakimoto, 2008; Plescia
and Baloga, 2008), may represent the latest stages of volcanism and
record some of the polybaric processes that likely have occurred as
magma intruded multiple levels of the crust.

6.2. Implications of constraints on crustal magnetization coherence scale

Our joint magmatic–magnetic modeling also suggests an upper
bound of ∼200 km on the dominant magnetization coherence scale
(i.e. the typical lateral extent of a uniformlymagnetized block of crust)
in the magnetized part of this region. This value is notably smaller
than a global estimate from Voorhies (2008) of 650 km though this
analysis is based not on maps, but on source modeling of global
magnetic spectra of observations at 400 km, whereas our value is from
regional Tharsis maps at lower altitudes, so a direct comparison is of
limited value. The coherence scale is also not likely to be smaller than
∼25 km, as calculations of the magnetic field above randomly
magnetized blocks of crust show that difficult-to-explain remnant
magnetizations of greater than ∼40 A/m (e.g. Dunlop and Arkani-
Hamed, 2005) would be required to explain the strength of crustal
fields in this region (up to 150 nT at 185 km). This magnetization was
likely formed prior to ∼4 Ga in the presence of the ancient Martian
global magnetic field (Acuña et al., 1999; Baker et al., 2007),
presumably through some combination of thermoremanence (as
crust cooled) and chemical remanence (as hydrothermal alteration
produced magnetic minerals). In our modeling, for lack of a better
constraint, we assumed that neighboring blocks of crust were
randomly magnetized in one of two opposite directions, consistent
with global magnetic field reversals, which are expected from
geodynamo theory and our knowledge of history of Earth's dynamo.
There is evidence for at least one reversal from the albeit non-unique
interpretation of isolated magnetic anomalies— these have been used
to determine subsurface magnetization directions, and to infer
opposite-polarity magnetic paleopole locations (Arkani-Hamed,
2001; Hood et al., 2005).

Let us first state the obvious caveat that an alternating field
direction and a checkerboard pattern of uniformly magnetized blocks
is not supposed to be an accurate characterization of subsurface
magnetization, but merely an adequate modeling framework for
determining which subsurface magnetization properties are consis-
tent with the ER data and which are not. Within this framework,
this (admittedly wide) range of inferred magnetization coherence
scales provides a joint constraint on the rate at which magnetization
was acquired and the frequency with which the global magnetic field
reversed polarity. We assume that shock remanent magnetization
from large impacts has not otherwise altered it (no detected craters
larger than 200 km intersect the ER profiles (Frey, 2008). For instance,
in the simplified scenario that all magnetization was acquired
through thermoremanence of cooling crust, a rate of 5 cm/yr for the
horizontal formation of uniformly magnetized crust, accompanied
by a typical reversal time scale of 125 ka–1 Ma, would be consistent
with our inferred range of 25 km–200 km for the dominant
magnetization coherence scale. While it is satisfying that these
numbers are not unreasonable in the context of terrestrial experience
of crustal formation rates (e.g. Rubin and Stinton, 2007) and
geodynamo reversal time scales (Harland et al, 1989), we feel that
any more aggressive interpretation would be speculative in light of
our simple model and in the absence of lower altitude magnetic data.

7. Conclusions

ER crustal magnetic field measurements provide unique insight
into the post-dynamo history of crust formation and thermal
demagnetization on Mars, without the complications of remanent
remagnetization, induced magnetization or subtraction of a strong
global field. With thermal-magnetic modeling of magmatic intrusion
and demagnetization, and by fitting our model to observed ER
magnetic field profiles across the boundary between the nonmagnetic
bulk of Tharsis and its moderately magnetized southwestern region,
we obtain constraints on both the magnetic history of Mars and
properties of the crustal magnetization.

Our conclusions are:

(1) Crustalmagnetization strengths in Tharsis are at least an order of
magnitude lower than previously estimated using the same
assumptions (e.g. Johnson and Phillips, 2005). Unless some
different crustal formation process in the NCF (non-crustal field)
region of Tharsis caused much smaller crustal magnetization
coherence scales than outside the NCF region, crustal magnetiza-
tion strengths in the region have upper bounds of 0.03–0.5 A/m
depending on dominant coherence scales of magnetization.

(2) Under reasonable assumptions, surface lava flows (typically
1 m–100 m thick) can demagnetize crust to a depth at most
equal to their thickness, and only in the case of very low Curie
temperature minerals like titanomagnetite. Hence, they are
unlikely to be responsible for the wholesale bulk demagnetiza-
tion which is likely responsible for the very weak crustal
magnetic fields over the NCF region of Tharsis. However, very
thick accumulations of flows can bury magnetized crust to
depths at which conducted heat from any substantial nearby
intrusions may demagnetize it.
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(3) Aminimum of between 10 km (in the case of pyrrhotite), 30 km
(magnetite) and 35 km (hematite) of total accumulated
thickness of modeled intrusions are required, within the
confines of our model, in the upper 30 km of crust in order to
demagnetize it sufficiently to explain the extremely weak
crustal magnetic fields in the NCF region on the northeast side
of the ER magnetic boundary.

(4) Such intrusions must extend between ∼150 km (pyrrhotite) and
∼210 km (magnetite) to the southwest beyond the ER boundary
andare likely present beneathmuchof theupper area of theArsia
Mons southwest rift apron, extrusives from which are perhaps
partly responsible for its plateaued appearance.

(5) Modeled intrusive to extrusive (I/E) magma volume ratios may
be higher than basaltic shield volcanoes on earth, or it may be
that additional sources of demagnetization affected this region,
perhaps being earlier intrusive episodes, or perhaps we do not
recognize the full extent of extrusion.

(6) Dominant modeled regional lateral magnetization coherence
scales are constrained to be ≤200 km.

These conclusions support our main conclusion: that our model is
consistent with a scenario where Tharsis has likely undergone
substantial, pervasive thermal demagnetization by intruded magmas
since the end of the dynamo era (∼4 Ga), consistentwith photogeologic
observations suggesting several episodes of long-lived, magma-driven
tectonic activity (e.g. Anderson et al., 2001; Dohm et al., 2001b, 2007)
and substantially thickened crust (Neumann et al., 2004).

Continued mapping of new data, with resolutions high enough to
provide insight into the developmental relationships between large
Tharsis volcanoes and small volcanic vent fields, will help constrain
magma production rates and I/E ratios for the Tharsis province. We
intend to use this work as a starting point for a modeling framework
with which to analyze other areas of substantial magmatic intrusion
on Mars, where thermal demagnetization seems to have occurred and
can be linked with surface mapping of volcanic and tectonic features,
as is the case for most of the 5000 km-long perimeter of Tharsis and
several highland volcanoes (Lillis et al., 2008a).
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