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Abstract

The northern lowlands cover approximately one-third of Mars' surface and are a fundamental part of the geologic evolution of
Mars. We examine the admittance signature, the ratio of gravity to topography data in the spectral domain, for four regions in the
northern lowlands that are both well resolved in the gravity data and have well constrained lithospheric parameters. These regions
also have topographic power spectra similar to many highlands regions. A Cartesian multitaper method is used to calculate
admittance. We compare the observed admittance signatures to those predicted from models of lithospheric flexure. On the basis of
these comparisons, we estimate the thickness of the Martian elastic lithosphere (Te) required to support the observed topographic
load since the time of loading. We use both top and bottom loading models to derive values of elastic thickness and crustal
thickness or apparent depth of compensation although all four regions are best fit by bottom loading models. We obtain best fit
elastic thickness estimates between 10 and 25 km with an acceptable error range of 0 to 45 km. These low elastic thickness
estimates are consistent with the formation in the Noachian, when heat flow was high. The consistency in Te estimates between the
Noachian highlands and lowlands basement suggests that both regions of the crust formed at similar times. The paucity of crustal
magnetization in the lowlands is thus more likely a result of demagnetization than formation following shut down of the dynamo.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The hemispheric dichotomy of Mars is one of the
most prominent topographic structures on the planet and
is defined by the relatively smooth northern plains and
the heavily cratered southern highlands. Various
mechanisms have been proposed to explain the fun-
damental differences in terrain between the two hemi-
spheres including internal processes related to mantle
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convection [1–3] and external processes related to one
or more large impacts [4,5]. The lowlands may have
contained a large body of standing water early in Mars'
history [6,7] and have also been proposed to be the
location of plate tectonic activity in earliest Mars history
[8]. In this study we estimate elastic thickness, crustal
thickness and apparent depth of compensation for
regions of the northern lowlands of Mars to better
constrain the timing of the northern lowlands formation
or other major loading events.

Topography and gravity measured by the Mars Global
Surveyor have enabled the determination of the global
crust and upper mantle structure of Mars [e.g. 9–13].
However, there have been no successful estimates of
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elastic thickness in the northern lowlands (with the
exception of Utopia basin [14]) due to low topographic
signal. We use a multitaper approach (that has been
successful for analogous regions on Earth [15]) to esti-
mate elastic thickness.

2. Gravity and topography data

We use gravity data computed from the latest spherical
harmonic field (MGS95J) [16], carried out to spherical
harmonic degree and order 95. The gravity field is
determined globally to about degree 70 (∼305 km),
where the “noise” or uncertainties of the unconstrained
solution equals the “signal” or magnitude of MGS95J.
The improvement in this gravity field comes from ad-
ditional tracking data and the adoption of amore complete
Mars orientation model [16]. The resolution of the gravity
field is predominantly a function of spacecraft altitude. An
approximate measure of the resolution of the data is given
by the degree strength. The degree strength is the local
degree and order of the field where the amplitude of the
noise is equal to the strength of the signal. The choice of
maximum cut-off degree for geophysical modeling
involves a trade-off between resolution and uncertainty.

Spherical harmonic coefficients for the topography
field have been created by the MOLA team in the same
reference as the gravity field [17]. As the topography field
is far more accurate than the gravity field, errors in
topography are ignored.We projected the topography and
gravity data in GMT using an equal area Hammer pro-
jection [18]. The data was then regrided to be equally
spaced at 59.2 km intervals (∼equivalent to 1° in
latitude).

3. Method

Flexural compensation assumes that loads are partly
supported by stresses within the elastic lithosphere and
partly by buoyancy anomalies generated by deflection
of the lithosphere. The relative importance of isostasy
versus flexural deflection in compensating loads at a
given wavelength depends on the flexural rigidity of the
elastic plate, D:

D ¼ ET3
e

12ð1−t2Þ ð1Þ

where, E is Young's modulus (1011) and υ is Poisson's
ratio (0.25). A large Te corresponds to a strong
lithosphere in which elastic stress supports a significant
fraction of loading. Small Te implies relatively little
elastic support of stress.
We estimate Te using free-air admittance. We first
calculate the observed admittance and then compare it to
admittance predicted for a range of Te values. Surface
and subsurface loads are deconvolved from the data for
a given Te and admittance is then calculated assuming
that the loads are statistically uncorrelated [19]. The best
fit Te estimate is that which yields a minimum root-
mean-square error between the observed and predicted
admittance.

3.1. Admittance

The admittance method examines the relationship
between gravity and topography in the spectral domain
[19], and is sensitive to elastic thickness because the Te
controls the response of the surface to loads of a given
size. The admittance Q(k), is defined as the transfer
function between the spectral representation of the
gravity, G(k), and topography, H(k), and assumes that
the lithosphere is laterally isotropic

GðkÞ ¼ QðkÞ4HðkÞ þ NðkÞ ð2Þ
where k is the two-dimensional wave number, 2π/λ, and
λ is the wavelength [20]. N(k) is the noise in the data,
which is assumed to be small. Data are averaged over
discrete wave number bands to prevent bias by noise.
The admittance estimate is written as:

QðkÞ ¼ hGH4i
hHH4i ð3Þ

with angle brackets indicating averaging over wave num-
ber bands and the asterisk denotes the complex conjugate.
3.2. Multitaper windowing scheme

In the determination of lithosphere thickness, the
northern lowlands of Mars represent a special case be-
cause deposition and erosion have smoothed the topogra-
phy locally to such an extent that inversions based on
admittance methods yield biased results [19]. A similar
situation occurs formany terrestrial continental regions e.g.
Australia, where erosion or infilling has leveled the topog-
raphy on a regional scale. Swain andKirby [15] investigate
this problem in detail. Using synthetic models of
topography and surface and subsurface loads, they create
synthetic topography and gravity with power spectra very
similar to those computed for the Australian continent,
which they refer to as a “low” signal to noise example.
Across the wavelength rangewe examine (400–1900 km),
our regions (Fig. 1) display a similar relative range of
topographic power amplitude (∼1.3–1.4 log10 units) when



Fig. 1. Locations of the 4 northern lowlands regions are outlined in white on the MOLA topography. Locations of southern highland regions used to
compare topographic power in Fig. 2 are shown in black.
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compared with the relative range of topographic power of
Australia [15] (1.2 log10 units) and other eroded terrestrial
cratons (1.4 log10 units) [e.g. 21]. Swain and Kirby [15]
also create a ‘normal’ S/N example, in which the ratio of
bottom to surface loads is 1. They estimate the bias intro-
duced into the admittance when the topographic signature
is low and find that the estimates are quite accurate for low
values of Te, e.g. Te≤40 km, but Te is underestimated for
larger Te values.

Following the approach of Swain and Kirby [15], we
use a multitaper spectral estimation technique [22]. In this
approach, we apply a fast Fourier transform to square
regions (∼1900×1900 km) to examine their spectral
signature. Themultitaper methodwindows the data with a
set of orthogonal functions. In this study we use discrete
prolate–spheroidal sequences [23]. The final, minimum
bias spectrum at each wave number (kx, ky) is a weighted
average of the spectra generated for each of the individual
tapers. The multitaper estimator reduces the variance of
the spectral estimate and also defines the spectral reso-
lution [24].

We set the bandwidth parameter NW to 3, where N is
the number of samples in the series and W is the half
bandwidth of the central lobe of the power spectral den-
sity of the tapers (see, e.g. [25]). The choice of NW is
important in the calculation of Te [26]. As the bandwidth
increases, the resolution (i.e. the minimum separation in
wave number between approximately uncorrelated spec-
tral estimates) decreases [27]. Similar to Perez-Gussinye
et al. [26], we found that smoother admittance spectra
with smaller model fit errors were obtained using 3 lower
order tapers as compared to 2, 4 or 5 tapers.

To test the validity of the multitaper approach, we
estimated Te for a range of features in the southern high-
lands of Mars (e.g. Hellas Basin, Noachis Terra, NE
Arabia Terra, Solis Planum and Ascraeus Mons) which
have been previously studied [9,11]. The estimates ob-
tained were generally within 1.5 times the RMS misfit of
those obtained in previous studies.

3.3. Elastic compensation models

Standard bottom loading and top loading models were
used to fit the observed admittance signature for each
region. For all models, a crustal density of 2900 kg/m3

(intact basalt) and a mantle density of 3500 kg/m3 are
assumed. Following Neumann et al. [28] and Wieczorek
and Zuber [29] (who estimated the average thickness of
the Martian crust to lie between 33 and 81 km), a 50 km
thick Martian crust is assumed in the bottom loading fits
and the elastic thickness and apparent depth of com-
pensation (ZL or ADC) are estimated.
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The standard transfer function for top loading of the
elastic lithosphere from above was developed by Banks
et al. [30]

QTðkÞ ¼ 2kqcG
1−exp−kZc

1þ Dk4
Dqg

� �
2
4

3
5 ð4Þ

where G is the gravitational constant, Zc is the thickness
of the crust, g is the gravity, D is the flexural rigidity and
Δρ is the density contrast at the crust mantle boundary,
or the difference between, ρm, the mantle density, and
ρm, the crustal density. Note that the equations given
here are for free-air gravity.

For bottom loading at depth [31], the admittance is
defined as:

QN ¼ 2kG qc þ ðqm−qcÞexp−kZc− ðDk4 þ qmgÞ=g
� �

exp−kZL
� � ð5Þ

We include a second compensation depth, ZL, below
the crust mantle boundary interface which is assumed to
represent the density difference near the base of the
thermal lithosphere.

3.4. Estimation of error

Error estimates are used to constrain the range of
model parameters that provide a reasonable fit to the
data. The root-mean-square (RMS) formula is used to
compare the observed and predicted admittance, with
the RMS misfit given as

RMSfit ¼ 1
N
A

ðZobs−ZprdÞ2
DZs

" #( )1
2

ð6Þ

where N is the number of admittance values in the
spectrum, Zobs is the observed admittance, Zpred is the
predicted model admittance, and ΔZs is the RMS of the
error in the admittance spectra calculated at each wave
number band [21]. We estimate the allowable range of
lithospheric parameters to be those that have a model fit
RMS error ≤1.5 times the average admittance uncer-
tainty for each region. The allowed parameter ranges
that result from choosing an error 2 times the observed
RMS, vary from slightly larger than those for a factor of
1.5 to a factor of 2 larger.

Each spectrum is fit over the wavelength range de-
fined by the degree strength (at the short wavelength
end) and the box size. Models were run using Te values of
0–100 km at 5 km increments, ZC, values of 0–100 km at
increments of 5 km, and ZL values from 30 to 200 km, at
10 km increments.
4. Results

McGovern et al. [9] found large fluctuations in the
admittance spectra in the northern lowlands. They at-
tributed this behavior to subsurface loads that are uncor-
related with the topography and low topographic power.
We systematically compared the power in the topogra-
phy across ∼1900×1900 km regions in the northern
lowlands and found that the majority of lowland regions
exhibit low topographic power; resulting in noisy
admittance spectra or large model fit errors. McGovern
et al. [9,10] found a similar result. However, four north-
ern lowlands regions (shown in Fig. 1) had comparable
topographic power to regions in the southern highlands
previously used to calculate elastic thickness [e.g. 9]
(Fig. 2). These regions also displayed smooth admit-
tance signatures (less than 15 mgal/km variation across
the wavelength range we examine) and well constrained
lithospheric parameters. We tested the effect of box size
on the observed admittance and found that using regions
larger than 1900 km in the east-west direction did not
increase the topographic power or significantly affect
the admittance signature. The north-south dimension of
the box could not be increased without including either
the southern highlands or the polar caps. These windows
are much larger than the true flexural wavelength and
are thus adequately sized to capture the flexural sig-
nature [15]. We note that although there is an overlap
between these regions, we analyze the signature of all
four areas to maximize the possible coverage of the
northern plains.

The relative variation in topography within each
region ranges from 2 to 2.25 km. A summary of the best
fitting parameter values (Te, Zc and ZL) for all 4 regions
is given in Table 1. All four regions were best fit by a
bottom loading model resulting in Te estimates between
0 and 45 km for region 1 (Amazonis Planitia), 0 and
23 km for region 2 (Arcadia Planitia), 13 and 30 km for
region 3 (Acidalia Planitia-A) and 0 to 30 km for region
4 (Acidalia Planitia-B). ZL estimates ranged between 64
and >150 km for region 1, 100 and 140 km for region 2,
85 and 115 km for region 3 and 30 to 87 km for region 4.
In each of these four regions, we were unable to obtain
an acceptable fit (<15 mgal/km) using a top loading
model. The best fit top loading models displayed minfit
errors of 16.7, 19.7, 33.1 and 22.8 mgal/km for regions 1
though 4 respectively. We display contours of RMS
misfit on a two-parameter projection of the chosen pa-
rameter space (Fig. 3e,f,g,h). Models having large RMS
fit errors were rejected. The solid vertical line in Fig. 3a,
b,c,d represents the limit of the resolution of the gravity
field (∼305 km).



Fig. 2. Multitaper (NW=3) power spectra of topography data for 5 regions in the southern highlands (dashed lines) and 4 regions in the northern
lowlands (solid lines). All data-sets are (∼1900×1900 km).
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Many of the remaining areas in the northern highlands
forwhichwewere unable to fit an elasticmodel (due to low
power in the topography) displayed admittance signatures
with shapes similar to those displayed in Fig. 3a,b,c,d,e,f.
We did not examine theUtopia basin region as large basins
typically require either forward modeling [e.g. 14] or finite
amplitude modeling [e.g. 32] to accurately estimate Te.

4.1. Coherence

The coherence method [19] calculates the statistical
correlation between gravity and topography and has been
Table 1
Estimated lithospheric parameters, observed error in the admittance and the m
northern lowlands

Region Projection Best fi
Te (km

1. Amazonis Planitia 14–45N 180–211E – 25
2. Arcadia Planitia 35–66N 170–201E Hammer equal area 10
3. Acidalia Planitia-A 44–75N 310–341E Hammer equal area 25
4. Acidalia Planitia-B 35–66N 320–351E Hammer equal area 20

Allowable ranges Te and ZL are shown for RMS values of 1.5 times the observ
In each case the crustal thickness was set to 50 km.
widely used to estimate the effective elastic thickness of
the continental lithosphere. In the coherence method,
elastic thickness and f(k) are determined iteratively where
f is the ratio of the magnitude of the bottom load to the top
load. Currently, the gravity data quality on Mars is such
that coherence analysis cannot be used to constrain the
loading mechanism and elastic thickness. However,
McGovern et al. [10] suggest that coherence values
>0.5 imply that admittance analysis is a viable alter-
native. We have calculated and modeled the coherence
and found that the coherence for our study areas meet this
criteria (Fig. 3i,j,k,l). The coherence for region 4 is
isfit between the observed and predicted admittance for 4 regions in the

t
)

Te range
(1.5) (km)

Best fit
ZL (km)

ZL range
(1.5) (km)

Obs. error
(mgal/km)

Fit error
(mgal/km)

0–45 100 64–>150 6.36 12.29
0–23 120 100–140 11.94 6.29
13–30 100 85–115 4.69 10.0
0–30 50 30–87 7.06 11.49

ed RMS error. All four regions were best fit by a bottom loading model.



Fig. 3. Cartesian admittance spectra versus wavelength for the four northern lowland regions: (a) 14–45N 180–211E, (b) 35–66N 170–211E, (c) 44–
75N 310–341E and (d) 35–66N 320–31E. The resolution cut-off of the gravity data is indicated by a vertical line. For each region the observed
admittance is shown by circles. Vertical solid lines represent the observed admittance error. Squares show the model admittance. RMS model errors
(mgal/km), for each region are shown in Fig. 3 (e,f,g,h). The model with the minimum error is marked by an ‘X’. Fig. 3 (i,j,k,l) shows the observed
and modeled coherence for each region. The observed coherence and error is indicated by the asterisks and vertical lines. Modeled coherence is
plotted using an f value of 1 and elastic thickness values of 40 km (dash-diamond line), 50 km (dashed line) and 60 km (solid line).
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marginally above 0.5, and thus results for this area may
be somewhat less reliable.

4.2. Geology

All four regions contain surface units interpreted to be
either Hesperian or Amazonian lava flows or sediments
[33]. While Hesperian and Amazonian plains units cover
the lowlands [33–35], crater counts for the lowlands
basement based on analyses of high-resolution MOLA
maps show that they are comparable in age (Noachian) to
the southern highlands [36,37]. A Noachian basement is
also supported by the remnants of large craters and multi-
ring basins [e.g. 38]. While the age range across the
lowlands basement appears to be relatively small, pre-
liminary work suggests that there are some variations in
the density of buried features [Frey, pers. comm. 2005].
For example, west of Olympus Mons and north of Alba
Patera (which incorporates our region 2: Arcadia
Planitia), there were almost no buried craters >50 km,
in contrast to other regions such as regions 3 and 4
(Acidalia Planitia) and Utopia where there are buried
craters present. Region 2 may be relatively younger due
to the smaller buried crater population. Alternatively, the
absence of buried features could also be due to very great
thickness of cover.
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It is possible that these four regions may have higher
topographic power (and subsequently better determined
admittance spectra) than other lowland regions because
they experienced less erosion due to composition.
Lower amounts of deposition may also have an effect
on the topography.

5. Discussion

5.1. Elastic thickness

For the four regions, our estimated values of elastic
thickness overlap within the errors. Overall, the elastic
thickness estimates range from 0 to 45 km. Using param-
eter values and assumptions following Kiefer [39], this
corresponds to a heat flux >50 mWm−2 when the re-
gional topography was emplaced. These small estimates
of elastic thickness are consistent with estimates found
for other Noachian age terrains (Fig. 4) [e.g. 9,12,39] and
may reflect the high heat flow expected early in Mars'
history. We do note however that unlike McGovern
[9,10], Kiefer [39] does not correct his heat flux con-
Fig. 4. Best fit elastic thickness versus surface age for the highlands of Mars [
black line. Similarly, our Te estimates obtained for the lowlands are shown in
southern highlands are also shown in grey. The age divisions correspond to th
age); the remaining two subdivisions are used to identify features that exhib
vertical positions give an approximate indication of the relative surface ages
mapping, although the development of a given pair of features may have ov
versions for plate curvature resulting in slightly higher
hear flux values. McGovern [9,10] convert elastic thick-
ness into heat flux estimates using the approach devel-
oped by McNutt [31], with a specific set of assumptions,
including a crustal thickness of 50 km and strain rates
between 10−19 and 10−16 s−1. This method yields heat
fluxes of approximately 30–60 mW/m2 for elastic thick-
nesses of 0 to 45 km.

Nimmo [12] used admittance to obtain elastic
thickness estimates that are generally higher that our
values (37 to 89 km), but his study area was consid-
erably larger and may have been influenced by diverse
geologic terrains. We note that all of McGovern et al.'s
[9,10] Noachian terrain elastic thickness estimates were
derived using a top loading model and are therefore
smaller than our bottom loading model estimates. Petit
and Ebinger [40] discuss the results of numerous terres-
trial admittance studies and point out that the Te values
obtained from top and bottom loading models for the
same regions typically differ significantly, with bottom
loading models giving larger values. They argue that in
their terrestrial study region, the thickness of the
9] are shown as black dots with the allowable error range indicated by a
grey. In order to test the multitaper approach on Mars, estimates for the
e Noachian, Hesperian, and Amazonian epochs (in order of decreasing
it surface unit ages spanning two epochs. Within a given subdivision,
of highland features, based on crater counts [e.g., 48,49] and geologic
erlapped in time.
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seismogenic layer is most consistent with Te values
derived from bottom loading model fits.

As discussed in Section 4.1, the surficial units in
these 4 regions are Hesperian and Amazonian in age.
The fact that all regions are much better fit by bottom
loads indicates that loading by surface deposits is not a
major contributor to the admittance signature. Shallow,
surficial units distributed over broad regions may not
have been sufficient to disturb the flexural signature, or
may be essentially isostatically compensated.

Prior to this study, the only estimate of northern
lowlands Te (∼100 km) [14] came from forward models
of the Utopia basin. However, recent and more detailed
forward models of Utopia and Hellas (which include
basin loading over time), assume a small Te at the time
of formation [41].

5.2. Crustal thickness and depth of compensation

All four regions are best fit by a bottom loading
model (in which the crustal thickness is set to 50 km).
For these regions we estimate best fit apparent depth of
compensation values between 50 and 120 km respec-
tively. The apparent depth of compensation likely repre-
sents a deeper density interface below the crust mantle
boundary.

Previous studies [e.g. 14,28] estimate that the northern
lowlands crust is about 25 km thinner than that of the
highlands. Wieczorek and Zuber [29] estimate the aver-
age thickness of the entire Martian crust to lie between 33
and 81 km. Neumann et al. [28] estimate crustal thick-
nesses within the range of ∼20–40 km for regions 1 and
2 and ∼17–30 km for regions 3 and 4. Assuming a
crustal thickness value of 20 km (similar to estimates
obtained for our regions 1 and 3 by Neumann et al. [28]
rather than a global average of 50 km, results in a best fit
apparent depth of compensation estimate ∼10 km lower.
Using the smaller crustal thickness value does not affect
the Te estimate.

5.3. Implications for northern lowlands formation

Models for the creation of the lowlands implement
mechanisms which vary from internal processes, in-
cluding first order mantle convection [1,2,38] or plate
tectonics [e.g. 3,8] to external processes, such as single
[4] or multiple [5] large impacts.

The small Te estimates obtained for the northern
lowlands may imply either that the lowlands formed
early in the history of Mars, when thermal gradients were
high, or that significant heating occurred later, such as
above a plume [2,42]. Our Te estimates are consistent with
formation of the northern lowlands via degree one con-
vection, crustal overturn (which also requires amechanism
such as degree one convection to localize the product of a
second melt source region in the northern lowlands [43].
Each of these mechanisms implies relatively lowTe values
at the time of formation. The bottom loading may have
originally been related to one or more mantle plumes.
Additionally, significant pressure-release melting may
have created a low-density residuum layer that could
also contribute to a bottom load.

Our Te estimates are inconsistent with a plate tectonic
model of formation. In terrestrial oceanic basins a
progression of elastic thickness with age is observed,
whereas we find no such progression in our limited
study of 4 regions. Until higher resolution gravity data is
acquired, it is not possible to establish a definitive pro-
gression in lithospheric parameters of the northern
lowlands. However, the absence of age differences in
the lowlands, contradicts the plate tectonic hypothesis.

5.4. Implications for northern lowlands relative lack of
magnetism

While crustal remnant magnetization is very strong in
much of the highlands, Acuna et al. [44] found only a
few small amplitude anomalies in the lowlands. More
recent research [45] shows that while there are more
magnetic anomalies in the northern lowlands than pre-
viously thought, there are still fewer magnetic anomalies
with generally lower amplitudes in the lowlands than in
the southern highlands. The scarcity of magnetic anom-
alies in the lowlands remains unexplained. One hy-
pothesis is that a degree 1 plume beneath the lowlands
caused lower crustal heating and erosion [2]. Another is
that hydrothermal circulation due to an ancient ocean
caused demagnetization [46,47]. Alternatively volcanic
resurfacing and burial of the ancient crust to large depths
could also have removed magnetization.

A variety of studies suggest that the bulk of the crust,
the dichotomy boundary and the dynamo were all creat-
ed in the early Noachian [14,47]. In addition, crater
counts for the northern lowlands basement based on
analyses of high-resolution MOLA maps show that they
are comparable in age to the southern highlands [36,37].
The low Te values also imply that the flexural signature
of the northern lowlands was determined early in Mars'
history. As suggested by the similar basement ages, the
overlap between our Te estimates of the northern low-
lands and the southern highlands supports the formation
of both regions within a short time period.

Each of the 4 regions in our study has a good admit-
tance signature (Fig. 3a,b,c,d), low pedestal crater density
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[33] and relatively high magnetization [45] for the
lowlands areas. Although there is one lowlands region
(∼60N 30E) with relatively high magnetization that has
neither a good admittance signature, nor low pedestal
crater density, we speculate that the lack of erosion and
associated hydrothermal circulation could be responsible
for these three characteristics (admittance, crater density,
magnetization). Low erosion could explain the smaller
number of pedestal craters and improve the power in the
topography. If these areas experienced lower hydrother-
mal circulation, it may explain the higher levels of mag-
netization. However, it may be possible that regions of
apparently unmagnetized crust in the lowlands formed
after dynamo shut down.

6. Conclusions

We have analyzed MGS and Odyssey gravity and
topography data for the northern lowlands of Mars, using
a multitaper method to reduce the bias of eroded
topography. Estimates of admittance spectra were com-
pared with predictions from flexural models to obtain
estimates of the elastic lithosphere thickness Te. Estimates
of elastic thickness were obtained for four regions. The
number of elastic thickness estimates was limited by the
lack of power in the topography in most areas of the
northern lowlands. Best fit elastic thickness values ranged
between 0 and 45 km. These small estimates are similar to
previous studies of the southern highlands and are
consistent with formation in the Noachian when heat
flow was high. However later reheating cannot be ruled
out. Most proposed mechanisms of lowlands formation
predict low values of Te, with the exception of plate
tectonics, which predict a range of Te values in the
lowlands. The similarity in Te estimates between the
Noachian highlands and lowlands basement suggests that
both regions of the crust formed at similar times. The
bottom loading signature is also consistent with loading
via a plume or plumes, or low-density mantle residuum.
The paucity of crustal magnetization in the lowlands is
thus more likely a result of demagnetization than for-
mation following shut down of the dynamo.
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