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Summary: Previous analysis of the magnetic spec-
trum of Mars showed only a crustal source field [1].
The observational spectrum was fairly well fitted by
the spectrum expected from random dipolar sources
scattered on a spherical shell about 46 + 10 km below
Mars’ 3389.5 km mean radius. This de-correlation
depth overestimates the typical depth of extended mag-
netized structures, and so was judged closer to mean
source layer thickness than twice its value,

To better estimate the thickness of the magnetic
crust of Mars, six different magnetic spectra were fitted
with the theoretical spectrum expected from a novel,
bimodal distribution of magnetic sources. This theo-
retical spectrum represents both compact and extended,
laterally correlated sources, so source shell depth is
doubled to obtain layer thickness. The typical mag-
netic crustal thickness is put at 47.8 + 8.2 km. The
extended sources are enormous, typically 650 km
across, and account for over half the magnetic energy
at low degrees. How did such vast regions form?

Observational Spectra: The magnetic spectrum
of a planet is the mean square magnetic induction con-
figured in spherical harmonics of degree n, averaged
over a sphere of radius r containing the sources [2],
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Here a denotes reference radius and (g,", h,") the
Gauss coefficients of degree n and order m in a
Schmidt-normal spherical harmonic expansion of the
scalar potential V: B = -VV. Observational spectra are
calculated from coefficients obtained via harmonic
analysis of either measured data [3], binned data [4, 5],
a map of such data [6], or fields from equivalent source
models fitted to such data [7, 8]. These spectra differ,
especially for n > 50, for each comes from a different
analysis of variously selected MGS-MAG/ER meas-
urements of the vector magnetic field around Mars.

Theoretical Spectra: Consider a thin crust with
compact, effectively dipolar, sources. If we expect
dipole positions to be uncorrelated, random samples of
a uniform distribution on a spherical shell of radius r, <
a, and vector dipole moments to be vertical, uncorre-
lated, random samples of a zero mean distribution, then
our expectation spectrum from an ensemble of such
random radial dipoles on a shell is [1, 9]
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Amplitude A is proportional to the mean square mo-
ment of these sources. Spectrum (2) increases with n at
low degrees, peaks near n = 3/2In(a/r,), and falls off
exponentially at high degrees. The cubic modulating
polynomial is n/(n + 1/2) times that expected from ran-
domly oriented dipoles, which is important for n = 1.

More realistic theoretical spectra, which allow for
crustal thickness, oblateness and magnetization by a
planet centered paleo-dipole, have been derived and
discussed; so have important spectral effects of later-
ally correlated sources [1, 9]. The latter were described
via an ensemble of vertically and uniformly magnetized
spherical caps. The main effect is to soften the ex-
pected spectrum at high degrees. We tend to over-
estimate source shell depth when this effect is omitted.

To include this effect simply, size and magnetiza-
tion distribution functions for extended sources are
recast as the characteristic half-angle y, (hence diame-
ter) and mean square total moment {7°} for an ensem-
ble of vertically and uniformly magnetized spherical
caps on the shell of radius r. The resulting theoretical
expectation spectrum is
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Amplitude B is proportional to {T°} and, in terms of
the Schmidt-normal associated Legendre polynomials
P."(cosy), Z,(y) = siny P,'(cosy)/[1-cosy].

Limited insight into spectrum (3) can be gained
from its finite Taylor expansion in € = 1 - cosyy, a
quantity proportional to the characteristic area of small
source regions. To first order in small &,
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For small caps and moderate degrees nyy << 1, the
partial derivatives of the logarithm of spectrum (4)
with respect to B, r,, and y, are nearly proportional to
1, n, and -%, respectively. Separation of a small char-
acteristic source size from amplitude and depth should
thus be straightforward, unlike separation of amplitude
from layer thickness. The negative sign of the partial
w.r.t. W, describes a softening of the spectrum due to
the small, but non-zero, area of extended sources.

The spectrum expected from a bimodal distribution
of both compact and independent extended sources is
given by the sum of spectra proportional to (2) and (3).
Because [Z,(0))> = 2n(n + 1), this sum is just
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Method: Spectral parameters are estimated by a
least squares fit of log-theoretical to log-observational
spectra from degree N, tO My, In practice, log-
observational spectra for Mars exhibit positive excess
curvature for degrees 20-40. This is not because the
dominant extended sources have ‘negative areas’, per-
haps reflecting impact demagnetization, but because
they are so large that small cap linearization (4) fails.
Inclusion of higher order terms can help solve the non-
linear inverse problem, yet with too small a trial value
for o, the positive slope of the objective function near
Yo = 0 leads iterative linearized solutions astray. And
values of [Z,,(VLV(,)/Z,,(())]2 depend strongly on vy, so
convergence from even a good guess of v, can be slow.

The closest fits of bimodal spectrum (5) to log-
observational spectra are instead found by sweeping
through trial values of both relative amplitude B/A and
Y, for each pair, a linear system is solved for optimal
logA and log(rx/a)z. Four sweeps of ever finer resolu-
tion are usually enough to locate the minimum sum of
square residuals per degree of freedom, denoted 5,2 to
six digits, and optimal B/A and y, to three digits.

Results: Results are presented from analyses of
spectra denoted FSU from [3], MG2 from [4], MG4
from [5], JEC from [6] (courtesy of J. Arkani-Hamed),
P87 from {7], and LPM from [8]. Analysis of a non-
observational spectrum from a constrained magnetiza-
tion model [10] revealed much about model assump-
tions, but nothing about the magnetic crust of Mars.
Care is needed to account for different reference radii.

The four spectral parameters estimated give: source
shell depth z = (3389.5 - r,) km, regarded as half the
typical thickness of Mars’ magnetic crust; cap half-
angle v, hence typical breadth of extended sources;
amplitude A for compact sources; and relative ampli-
tude B/A for extended sources. Table 1 lists results

Table 1: Results from Analysis of FSU Spectrum [3]
n decorr. S22 Si Z B/A Yo
depth % % km - deg.

190 429 1374 9.01 262 196 6.0
2-90 40.1 7.83 4.84 255 148 578
3-90 38.8 6.83 442 254 133 3557
6-90  37.1 628 443 254 124 546
1-50 704 1636 1501 365 148 6.70
2-50 623 836 748 263 151 5.85
3-50 593 748 673 194 167 549

results from analysis of the FSU spectrum [3]. The
first column shows range of degrees fitted. The second

and third give de-correlation depth and the sum of
squared residuals per degree of freedom, $»%, from the
2 parameter fit of spectrum (2). The remaining col-
umns give S4% z in km, B/A, and Vo in degrees from the
4 parameter fit of spectrum (5). Omission of R; halves
the sum squared residuals. This is in part due to non-
radial sources, though external fields are a concern {4].

For all observational spectra and all degree ranges
analyzed, bimodal spectrum (5) gives a slightly better
fit than does spectrum (2) for radial dipoles alone; in
short, §,% < S,%. Source depth z is positive definite and
is indeed about half the de-correlation depth. More-
over, Yo = 5.5°. Extended sources are enormous, typi-
cally 650 km across, and account for over half the
magnetic energy in the spectrum at low degrees.

Considering all six observational spectra in plaosi-
ble degree ranges recommended by the various authors,
the overall mean source shell depth is 22 + 9 km; how-
ever, most of the scatter comes from spectrum MG4,
which suggests a shell depth of but 7 km instead of 22
km. It can be argued that the correlative technique
used to obtain that model [5] retains signal from broad
scale sources, but filters out under-sampled signal from
compact sources (B/A = 2.3 instead of 1.7). If so, then
broad scale sources are shallower than compact
sources. Exclusion of 1o outliers nonetheless yields a
typical magnetic crustal thickness of 47.8 £ 8.2 km.
The typical area of extended sources remains 330,000
km®.. This poses a fundamental question: how did such
vast regions of roughly uniformly magnetized crust
form? Recent magnetic maps [11, 12] help distinguish
among some very different answers.
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FeiY.* Zhang L. Komabayashi T. SataN. Bertka C. M.

Evidences for a Liguid Martian Core [#1500]

‘We present new melting data in the system Fe-Ni-S at Martian core pressures, using multi-anvil apparatus and
laser-heated diamond-anvil cell. The data provide fundamental understanding of the relationships among the
temperature, composition, and physical state of the martian core.

LillisR.J.* FreyH. V. MangaM. Mitchell D.L. LinR.P. AcunaM.H.

Bracketing the End of the Martian Dynamo: The Ages and Magnetic Signatures of Hellas and

Ladon Basins [#2183]

‘We use visible and buried craters to compare crater retention ages of the magnetized Ladon basin and the
demagnetized Hellas Basin to bracket the end of the martian dynamo era.

Hood L. L. *

East-West Trending Magnetic Anomalies in the Southern Hemisphere of Mars: Modeling Analysis

and Interpretation [#2203]

The east-west trending anomalies in the Terra Sirenum region can be explained as due to their location near the
martian paleoequator so that magnetization directions are nearly in the north or south directions. No elongated
sources are required.

Voorhies C. V. * s

Thickness of the Magnetic Crust of Mars from Magneto-Spectral Analysis [#1426]

Magnetic spectra from six analyses of MGS-MAG/ER data are fitted with that expected from both compact and
extended sources. Magnetic crustal thickness is put at 47.8 + 8.2 km. Extended sources are typically 650 km
across. How did such vast regions form?

Bridges J. C. * Wright L P.

Atmospheric Thickness on Ancient Mars: Constraints from SNC Meteorites [#1990]

We use carbonate abundance in an SNC meteorite as a guide to the carbonate abundances in the upper 7 km of
Mars crust. This in turn is equivalent to an atmosphere pCO, of 2:3 bar >3.8Ga and total early Mars CO,
inventory of 45 bar CO,. ’ :

Chappelow J. E. * Sharpton V. L.

The Event That Produced Heat Shield Rock and Its Implications [#1431]

The discovery of the iron meteorite “Heat Shield Rock™ in Terra Meridiani led to speculation that its presence
implies Mars must once have had a denser atmosphere. However, to date no quantitative work addressing this
theory has been presented.

Santiago D. L. * Colaprete A. Haberle R. M. SloanL.C. AsphaugE. 1L

Clouds, Cap, and Consequences: Outflow Events and Mars Hesperian Climate [#1484]

We focus on how outflows relate to past climate using a MGCM with cloud scheme. Early runs show water
goes to the poles with current orbital configurations. We run the model for five years with a northern water ice
cap then release the outflow, and will present these results.

Kreslavsky M. A. * Head J. W.

Evolution and Inner Structure of the Polar Layered Deposits on Mars: A Simple Deposition/Ablation

Balance Model [#2058]

‘We show that simple changing climate-controlled balance of sublimation and ablation with albedo feedback and
slope effect explains many characteristic properties of the polar layered deposits on Mars.
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4:15p.m. Neumann G. A. * Wilson R.J.
Night and Day: The Opacity of Clouds Measured by the Mars Orbiter Laser Altimeter (MOLA) [#2330]
MOLA uniquely provides atmospheric column opacity measurements both night and day. We contrast the
pronounced nighttime opacity of the aphelion season tropical water ice clouds, and the enigmatic low opacity of
the southern polar winter dry ice clouds.



