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[1] The spectral relations (admittance and correlation) between gravity and topography
are often used to obtain information on the density structure, flexural support, and heat
flow of planetary lithospheres. Mapping spatial variations in these quantities requires
spatiospectral analysis techniques. Here we describe the application of a directional,
continuous spherical wavelet transform using a wavelet basis constructed from the
superposition of azimuthally adjacent complex Morlet wavelets, in a manner similar to the
“fan” wavelet developed in the plane. The method is applied to gravity and topography of
the Earth, Venus, Mars, and the Moon. The wavelet coefficients are used to compute
isotropic and directional wavelet autospectra and cross spectra, which are then combined
to form the admittance and correlation functions. The resulting maps offer insights into
lithospheric structure of the terrestrial planets. In particular we show that the Earth and
Venus have uniformly low positive admittance and high correlation, whereas Mars and the
Moon display hemispherical contrasts with large negative and anisotropic coefficients
coinciding with lowlands. As has long been known, the two largest impact basins in

the inner solar system, the South Pole—Aitken basin on the Moon and the Hellas basin
on Mars, display low positive admittance and high correlation, indicating isostatic
compensation. In contrast, most other impact basins, particularly the Martian and lunar
mascons, show negative coefficients at low wavelet degrees suggesting flexural support
by a strong lithosphere. These results imply that, although simple isotropic flexural models
can account for most observations, future models may need to incorporate anisotropy

as an additional parameter.

Citation: Audet, P. (2011), Directional wavelet analysis on the sphere: Application to gravity and topography of the terrestrial

planets, J. Geophys. Res., 116, E01003, doi:10.1029/2010JE003710.

1. Introduction

[2] The analysis of gravity and topography data is often
the only source of information on the structure of the crust
and mantle of terrestrial planets [Phillips and Lambeck,
1980; Wieczorek, 2007]. In particular, their cross analysis
(admittance and correlation) provides valuable information
on the flexural support of planetary lithospheres and by
inference on surface heat flow [e.g., Solomon and Head, 1990;
Simons et al., 1997; Zuber et al., 2000; Arkani-Hamed, 2000;
McKenzie et al., 2002; McGovern et al., 2002; Belleguic
et al., 2005]. Gravity (g) and topography (%) data are nor-
mally given in terms of spherical harmonics, which are the
natural orthogonal basis for global functions defined on
the sphere. The admittance (Z) and correlation () are func-
tions of the spherical harmonic degree / and are defined as
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the ratio of the cross-spectrum Sy, of g and 4 to individual
spectra Sy, and Sy,

Z(l) = (1)

and

_ Sgh(l)
’Y(l) - Sgg(l) Shh(l) . (2)

[3] These quantities can be inverted using a thin elastic
shell equation for the flexural support of transverse surface
and internal loads to estimate the density structure and the
thickness 7, of an effectively elastic lithosphere [e.g.,
Turcotte et al., 1981; McGovern et al., 2002; Belleguic et al.,
2005]. The elastic shell is characterized by a flexural
wavelength A\ which depends on the loading structure,
rigidity and density [Turcotte et al., 1981]. Generally
speaking, at short wavelengths (A < Ag) the loads are sup-
ported by elastic stresses; at longer wavelengths (A > Ar) the
loads are fully compensated by deflection of the shell.
Mapping variations in 7, is thus an intrinsically involved
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spatiospectral problem that requires simultaneous spatial
and spectral localization techniques to calculate equations (1)
and (2). Although rarely used, the anisotropy in the admit-
tance and correlation provides an additional constraint on the
flexural support of surface and internal loads [Lowry and
Smith, 1995; Simons et al., 2000, 2003; Kirby and Swain,
2006; Audet and Mareschal, 2007; Audet et al., 2007]. In
particular, it may provide important information on the
directionality in loading structure and therefore on litho-
sphere fabric.

[4] Several methods have been developed to estimate
spatial and directional variations in 7, on Cartesian, two-
dimensional grids [see Audet and Mareschal, 2007]. These
include the maximum entropy [Lowry and Smith, 1994],
multitaper [Simons et al., 2000; Pérez-Gussinyé et al., 2004]
and wavelet transform [Kirby and Swain, 2006; Audet and
Mareschal, 2007] methods. On the sphere, recent develop-
ments include the work by Simons et al. [1997] who designed
a moving window technique using spherical caps similar to a
Welch periodogram method. Wieczorek and Simons [2005]
and Simons et al. [2006] further improved the windowing
approach by designing a multitaper analysis on the sphere
from the maximization of energy within a spherical window.
A pseudowavelet analysis was constructed by Kido et al.
[2003] using an azimuthally averaged Gabor function cor-
rected for spherical geometry. All of the above techniques
developed on the sphere calculate isotropic estimates; that is,
directional information is averaged out, hampering the detec-
tion of anisotropy in the data.

[5] A number of attempts have been made to extend the 2-D
wavelet transform to the unit sphere (see Antoine et al. [2004]
for a review). Using a group-theoretical approach, Antoine
and Vandergheynst [1999] constructed a framework for
wavelets defined on the sphere which satisfy a number of
natural requirements. The algorithm requires the calculation
of a spherical convolution at each wavelet scale which is a
very expensive numerical operation. Recently a fast, direc-
tional, continuous wavelet transform on the sphere was
implemented by McEwen et al. [2007a]. The algorithm was
applied to the local and directional analysis of the cosmic
microwave background radiation in cosmology using real-
valued wavelets (Mexican Hat, Butterfly, real Morlet)
[McEwen et al., 2005, 2007b]. Here we describe the appli-
cation of the continuous wavelet transform using a complex
directional wavelet on the sphere, constructed from the super-
position of azimuthally adjacent complex Morlet wavelets,
similar to the Euclidian “fan” wavelet [Kirby, 2005]. Finally,
we apply the technique to the gravity and topography of Earth,
Venus, Mars and the Moon and discuss the implications for
the flexural support of the lithosphere.

2. Continuous Spherical Wavelet Transform

[6] In this section we discuss the implementation of the
continuous spherical wavelet transform (CSWT) as described
by McEwen et al. [2007a].

2.1. Wavelet Transform

[7] The CSWT is defined by extending the Euclidian
analysis to spherical geometry using the correspondence
principle. In this approach a stereographic projection is used
to define affine transformations (linear transformations and
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translations) on the unit sphere and map Euclidian wavelets
into their spherical equivalents [Wiaux et al., 2005]. The
stereographic projection is the unique unitary, radial and
conformal diffeomorphism between the sphere and the plane
(i.e., a smooth, invertible function that maps one differen-
tiable manifold to another). It is thus chosen to construct a
correspondence between wavelets on the plane (R?) and the
2-sphere (S%) [Wiaux et al., 2005]. This operation is defined
by projecting a point on the unit sphere to a point on the
plane defined by the tangent at the north pole, and casting a
ray through the point and the south pole (Figure 1). The
point on the unit sphere is mapped onto the intersection of
the ray and the tangent plane.

[8] The natural extension of Euclidian translations on the
unit sphere are rotations, characterized by the elements of
the rotation group SO(3) (i.e., the Special Orthogonal Group
in R*), where a rotation about the origin may be expressed
as the product of two rotations about the z axis (R.), and one
about the y axis (R,)),

( cos(4) —sin(4) O )
R.(A4) = | sin(4) cos(4) O
0 0 1

cos(4) 0 sin(4)
Ry(A)< 0 10 )
—sin(4) 0 cos(4)

Ry = Re(a)Ry(B)R=(7), (4)

and is defined by

where 0 < o,y <27 and 0 < 3 < 7 are the Euler angles and
(a,3,7) = p € SO(3) . The rotation of a square-integrable
function fon S (i.e., f € L*(S%)) is therefore given by

(Rof)(w) =f(p"'w), p€SOB), (5)

where w = (6,¢) € S* denotes the colatitude and longitude of
a spherical coordinate system.

[v] Dilations on the unit sphere are constructed by first
lifting the sphere to the plane by the stereographic projec-
tion, performing the Euclidian dilation in the plane, and
back projecting the Euclidian dilation onto the sphere. A
spherical dilation is thus defined by

(Daf)(w) = folw) = VA(a,0)f (w1/a), a R, (6)

where w, = (6,,¢) and tan(0,/2) = atan(6/2). The A(a,0)
cocycle term is introduced to preserve the 2-norm and is
given by

442

[(a®> —1)cosf + (a® + 1)]

Aa,0) = 5 (7)

[10] The wavelet dilation a can take any admissible value
determined by the resolution of the data. An overcomplete
wavelet basis on the sphere may be constructed by rota-
tions and dilations of an admissible mother spherical
wavelet ¢/ € L*(S?). The wavelet basis functions Vg, are
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7 = 2tan(6/2)

F‘jx

0/2

South pole

Figure 1. Stereographic projection of the sphere onto the
plane (modified from McEwen et al. [2007a] (©2006
IEEE)). A vector x is mapped onto the sphere at a point w and
vice versa.

thus given by the product of both operators Rp and D, on
the mother wavelet ¥, , = R, D, ¢, p € SO3), a € R,

[11] Mother spherical wavelets are constructed by pro-
jecting admissible Euclidian planar wavelets onto the sphere
by an inverse stereographic projection,

2
s (6,0) = T cosd

sz (}" ) ¢)7 (8)
where r = tan(6/2). The modulating term is again introduced
to preserve the 2-norm.

[12] Finally, the CSWT of f € L*(S?) is given by the
projection onto each wavelet basis function,

Wiap) = [ 01,0) 1) der ©)

where the asterisk (*) denotes complex conjugation and
dw = sinf df d¢. All orientations in the rotation group SO(3)
are considered; directional structure is thus naturally incor-
porated. It is important to note, however, that only local
directions make any sense on the 2-sphere; there will always
be a singular point where the definition fails [McEwen et al.,
2007a]. We note that although the CSWT can be defined
using anisotropic dilations to probe directionality in the
data, the wavelets are not admissible in this case and their
use is not advocated here [McEwen et al., 2007a].

2.2. Spherical Morlet Wavelet and Relatives

[13] The choice of a suitable mother wavelet depends on
the nature of the underlying process analyzed, the need for
real or complex-valued basis functions and ultimately on
their ability to detect oriented features. Estimation of the
flexural support from gravity and topography data requires
the solution of a harmonic equation on the sphere [e.g.,
Turcotte et al., 1981]. The natural basis in this case is a
wavelet constructed from a harmonic function modulated by
a localizing window. One such wavelet is the Morlet
wavelet, which also possesses a natural property of direc-
tional selectivity on the plane, allowing the detection of
oriented features.
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[14] The Morlet wavelet in R? is defined by a complex
exponential modulated by a Gaussian function,

x|
g2 (x) = exp (i Ko - x) exp (M), (10)

where k, = (kO,O)T is the wave vector of the underlying
harmonic function. The Morlet wavelet is a complex-valued
function that yields phase information in the direction of the
wave vector. In this version the Morlet wavelet is not strictly
admissible unless k is very large. However, for ky = 5, the
error introduced is small (10~°) and can be neglected [Kirby,
2005]. The Fourier transform of the Euclidian Morlet
wavelet is a Gaussian function centered on the wave vector
ko and thus constitutes a bandpass filter. The spherical
Morlet wavelet is constructed by the stereographic projec-
tion of the Euclidian Morlet wavelet onto the sphere. The
effective size on the sphere of the internal structure of the
Morlet wavelet is defined as the angular separation between
the first zero crossings in the direction of the wave vector
and is given by

am

o)~ (11)

[15] The dilation a is related to an equivalent spherical
harmonic degree [, via

gm0 (12)

VL +1)

which in turn can be related to a spatial wavelength

A~ DR, (13)

where R is the planet’s mean radius.

[16] Because wavelets have a finite bandwidth, wavelet
coefficients at a given dilation (or degree /,) include infor-
mation from neighboring spherical harmonic degrees. In the
remainder of this paper we will refer to /, as the wavelet
degree. In practice, although the dilation a can take any
arbitrary positive real value (a € R%), we select dilations a
for which /, s are nonzero integers.

[17] The Morlet wavelet is a directional filter and captures
information in the direction of the wave vector. Rotation
of the Morlet wavelet along different azimuths is performed
by the rotation operator over the Euler angle v (Figures 2a
and 2d). An isotropic wavelet can also be constructed by
averaging daughter spherical Morlet wavelets w%, over all
rotations of the angle v € [0,7),

U @) = 3 (R vt @), (14)

7y
where the rotation operator R, indicates rotation over 7y
only and p(,, = (a,3) (Figures 2c and 2f). This is the
spherical equivalent of the Euclidian “isotropic” fan wavelet
(hence the subscript “I””), thus named for its shape in the
wave vector domain [Kirby, 2005].

3o0f 16



E01003

ok
Xk

Figure 2. Spherical Morlet and fan wavelets used in
this study. (a) Real Morlet wavelet at /, = 8 oriented 150°.
(b) Real directional fan wavelet at /, = 8 oriented 150° cal-
culated from the superposition of 6 Morlet wavelets with
azimuthal separation of 15°. (c) Real isotropic fan wavelet
at /, = 8 calculated from the superposition of 12 Morlet
wavelets. (d—f) Same as Figures 2a—2c¢ but for /, = 16. For
all cases, ko = 5.336.

[18] By restricting the rotations over a smaller range N, <

N, the fan wavelet can retrieve directional information,

)

025() = - L (R i) @) (15)

where p' = (o,3,7"). Equation (15) thus describes a “direc-
tional” fan wavelet (subscript “D”; Figures 2b and 2¢). We
note at this point that the different versions of the fan
wavelet are never used as described by equations (14) and
(15). The averaging is instead performed on the wavelet
coefficients (or product thereof) obtained from discrete
directional spherical Morlet wavelets,

W' (a,pp)) = N% > (Ru, W (@), (16)

2.3. Cross-Spectral Analysis

[19] Equation (9) is used to compute a wavelet scalogram,
which represents the energy of a signal f at a given wavelet
dilation a and rotation p € SO(3),

Sy(a, p) = (Wi (a,p) W, (a, p)), (18)

where the brackets ( ) denote some kind of averaging. A
natural choice is to perform averaging of the product of
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wavelet coefficients over rotations of the Euler angle +, as in
the fan averaging, to obtain isotropic estimates

Sp(a, ) = ]\%Z [Rm (W/-(a, W (a P))} (19

79

or directional estimates

Sy(a,p) = NLZ [me (W/-(a, p) W, (a, p))} . (20)

Ty

[20] The wavelet cross scalogram of 2 functions f,g € LA(S%)
is defined as

*
Sg(a, p) = (Wr(a, p) W, (a,p)), (21)
and averaging can be performed either as in equation (19)
or (20).
[21] The wavelet scalograms and cross scalograms are
combined to compute the wavelet admittance

R[S (a, p)]

- Seg (a, p) ' 22)

Zy(a, p)

and correlation

Ve(a, p) = , (23)

where the symbol R denotes taking the real component of
the cross scalogram. We note that one could calculate an
imaginary admittance and correlation by taking the imagi-
nary part of the cross scalogram, which has been shown to
influence the validity of the linear isostatic model described
in section 4 [Kirby and Swain, 2009].

2.4. Caveats

[22] The spatiospectral localization of the Morlet wavelet
is entirely controlled by the wave number ky,. Wavelets
with large values of kq are better localized in spectral space
and peak at degrees close to the theoretical value /;
wavelets with low values of ky are better localized in
physical space, however they peak at degrees larger than the
theoretical /,. This is shown in Figure 3 where the spectral
peaks have a width inversely proportional to &, and are
displaced toward larger degrees with respect to the theo-
retical Z,.

[23] Another notable effect shown in Figure 3 is the
breakdown of admissibility for wavelets with /, < k. This
effect is shown by the departure from a Gaussian shape and
lower RMS amplitude where [, < ky. To ensure admissibility
and maintain good spatial localization we select ky = 5.336
[Kirby, 2005] and limit the analysis to wavelet degrees /, > 6.

2.5. Algorithm

[24] Spherical convolutions on a sphere require the use of
a particular tessellation. We use the HEALPix tessellation
which is an equal area pixelization scheme [Gorski et al.,
2005]. We proceed by first transforming the spherical har-
monic models of gravity and topography to the spherical
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Figure 3. Wavelet power spectra at various wavelet
degrees [, using different values of the Morlet wave number
ko. Solid lines, ky = 4; dashed lines, ky = 6; dash-dotted
lines, ko = 8. Each set of power spectra at a given k; is nor-
malized to the maximum value obtained with &y = 6.

coordinate system on a 30 arc min grid, and secondly by
mapping the grids onto a HEALPix grid with resolution
Niqe = 128, which corresponds to a total number of pixels of
Ny = 12 % Nye = 196,608. The grids are then used as
inputs into the software FastCSWT which calculates the
spherical convolution at each dilation and azimuth previously
defined [McEwen et al., 2007a]. The wavelet coefficients can
be averaged using equations (16) and (17) to obtain isotropic
and directional quantities. Alternatively we can calculate the
scalograms and cross scalograms by averaging the product
of wavelet coefficients using equations (19) or (20). From
these quantities we then form the admittance and correlation
functions using equations (22) and (23).

[25] In this work we discretize the azimuth range into
24 equally spaced intervals over the range [0,27) with a
spacing of 15°. The isotropic fan averaging is performed
over the first 12 azimuthal samples because the remaining 12
coefficients contain redundant information. The directional
fan averaging is performed over 6 coefficients, effectively
averaging over 90°, spaced at every 15° intervals up to 180°.

[26] The directional wavelet coefficients are functions of 4
variables (equation (9)): 1 for dilation, 2 for location and 1
for azimuth. At each given dilation and location, the wavelet
coefficients are thus function of azimuth. We define a measure
of directional variability (or anisotropy) by fitting a cosine
function to the azimuthal variations using a least squares
algorithm. The amplitude and phase of the fitted cosine func-
tion can then be represented as a vector quantity, where the
phase corresponds to the azimuth where coefficients are largest
(or least negative), and the amplitude defines the anisotropic
magnitude and is always positive. In this paper we only report
spatial variations in the anisotropic magnitude at each dila-
tion, which allows us to plot the directional variability as
color contours in a way similar to the isotropic estimates (see
section 3). We note that this representation is useful for purely
visual purposes, whereas a formal inversion of wavelet coef-
ficients would require using the full range of parameters.

3. Application to Gravity and Topography of
Terrestrial Planets

[27] In this section we describe the application of the
wavelet transform to the gravity and topography of Earth,
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Venus, Mars and the Moon. The spectral resolution and
truncation of each data set used in the wavelet analysis are
summarized in Table 1. We use the radial gravity anomaly
calculated by subtracting the J, term from the gravitational
potential to account for the hydrostatic flattening contribu-
tion, and refer to it simply as gravity.

3.1. Earth

3.1.1. Data

[28] We use Earth’s global topographic model from the 1
arc minute resolution ETOPO1 [Admante and Eakins, 2009]
(Figure 4a). Elevation is referenced above the EGM96 geoid
model. The topography model is a combination of several
regional and global data sets. The main uncertainties in the
bathymetry originate from estimates calculated from marine
gravity data [Sandwell and Smith, 1997; Smith and Sandwell,
1997]. This caveat limits the use of admittance and correla-
tion functions over the oceans at short wavelengths. The
gravitational model is taken from the EGM2008 model
(Figure 4b).

3.1.2. Wavelet Transform

[29] Isotropic wavelet coefficients of gravity and topog-
raphy are shown in Figure 4c for a range of wavelet degrees.
At low degrees, large positive coefficients of topography are
associated with continental areas, whereas negative coeffi-
cients coincide with ocean basins, as expected. Wavelet
coefficients at increasing wavelet degrees outline the con-
tinental margins where topographic gradients are largest.
Wavelet coefficients of gravity generally follow the same
trends, although differences are observed at the lowest
degrees. Such differences are attributed to large-scale, sub-
lithospheric structure induced by a combination of convec-
tion processes, isostatic glacial rebound signals, etc. [Simons
and Hager, 1997].

[30] Figure 4d shows the magnitude of the anisotropic
wavelet coefficients. Large values indicate significant
directional variability in the coefficients, whereas low values
show that coefficients do not vary much with azimuth (i.e.,
directionally invariant, or isotropic). At low degrees the
largest directional variations in topography are distributed
mostly over continental areas and margins, whereas the
variations in gravity do not correlate with topographic fea-
tures, similar to the isotropic coefficient maps. We note that
the largest anisotropic coefficients of gravity are better
correlated with large-scale upwellings and downwellings
inferred from gravity and seismic tomography data [e.g.,
Spasojevic et al., 2010]. At larger wavelet degrees both the
topography and gravity coefficients outline the continents
and major topographic features.

3.1.3. Wavelet Admittance and Correlation

[31] Maps of isotropic wavelet admittance and correlation
are shown in Figure 5a. There are two main features found
in the admittance maps: (1) wavelet admittance at low
degrees is uniformly low and (2) admittance increases in
continental areas at large wavelet degrees and remains low
over ocean basins. The correlation maps show elevated
values at large wavelet degrees. At low degrees, negative
values reflect deep convection processes that are antic-
orrelated with topography. We note that only a few local-
ized regions (e.g., southeastern United States, Amazonian
basin) exhibit negative admittance and correlation in conti-
nental areas.
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Table 1. Spectral Resolution of Gravity (G) and Topography (H)
Data for Each Planetary Body®

Planet Radius (km) /e (A in km) 1S, (A in km) 2, (X in km)
Earth 6371 128 (313) 2159 (19)  ~21640 (1.85)
Venus 6051 65 (585) 180 (211) 360 (106)
Mars 3389 90 (237) 110 (194) 90 (237)
Moon 1737 100 (109) 100 (109) 360 (30)

“Here [, is the degree (and order) at which models are truncated for
the wavelet analysis. Here /., is the largest degree (and order) resolved
for each model. Smallest equivalent wavelengths calculated from
equation (13) are shown in parentheses.

[32] Figure 5b shows the magnitude of the anisotropic
wavelet coefficients of admittance and correlation. Similar
features are observed in the admittance maps: (1) uniformly
low anisotropic coefficients at low wavelet degrees and
(2) larger coefficients over continents at larger wavelet
degrees. The anisotropy in the correlation maps is quite
large over some areas but does not coincide with topo-
graphic features.

3.2. Venus

3.2.1. Data

[33] Gravity and topography of Venus were measured by
the orbiting spacecraft Magellan between 1990 and 1994. We
use the spherical harmonic models SHTJV360u (topography)
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and SHGJ180u (gravity) (Figures 6a and 6b). Due to the
elliptical orbit of the spacecraft, resolution and error is highly
variable on the surface of the planet. Errors are larger for
nonsectoral terms (|m| # /) which can affect directional esti-
mates of the wavelet transform. To mitigate these effects the
models are truncated at degree and order 65, which implies
that the wavelet coefficients are inaccurate for wavelet
degrees /, > 32 (Figure 3).
3.2.2. Wavelet Transform

[34] Isotropic wavelet coefficients of gravity and topog-
raphy are shown in Figure 6¢c. The largest signals at low
wavelet degrees are associated with high topography (Ishtar
and Aphrodite Terrae) and the Beta Regio volcanic edifice.

[35] Anisotropic wavelet coefficients of gravity and topog-
raphy are shown in Figure 6d. At low wavelet degrees the
anisotropic signature is dominated by the region around
Beta Regio and high topography in the Terrae. As wavelet
degree increases, the anisotropic signal is maximum in the
interior of elevated plateaux, whereas the low-elevation plains
remain isotropic.
3.2.3. Wavelet Admittance and Correlation

[36] The wavelet admittance and correlation maps are
shown in Figure 7a. The admittance and correlation do not
change significantly over the portion of wavelet degrees
analyzed. The admittance is slightly larger than Earth’s
admittance, perhaps indicating the different nature of con-
vection on Venus. Interestingly, the correlation remains

-6 -4 -2 0 2 4 6 8

Topography [km]

-150-100-50 0 50 100 150 200
Gravity [mgal]

max min

Topography

max
Gravity

min max

Topography

max
Gravity

Figure 4. (a) Topography and (b) gravity of the Earth are decomposed into (c) isotropic and (d) aniso-
tropic wavelet coefficients as a function of spherical wavelet degree /, using a real Morlet wavelet. The
colors are scaled to the minimum and maximum values in each plot for clarity.
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-1.0-0.5 0.0 0.5 1.0
Correlation

-0.1 0.0 01
Admittance [mgal/m]

0.00 0.05 0.10 0.150.0 0.5 1.0
Admittance [mgal/m] Correlation

Figure 5. (a) Isotropic and (b) anisotropic wavelet (left) admittance and (right) correlation of the Earth as

a function of wavelet degree /,.

everywhere positive even for the lowest degrees, suggesting
a more homogeneous sublithospheric mantle compared to
Earth. The large Terrae generally show lower admittance,
whereas regions of higher admittance are located in the vari-
ous low-elevation plains and around the Beta Regio volcanic
rise. Correlation degrades at wavelet degree 64, however this

is likely an effect of the loss of fidelity with the gravity model
at such wavelengths, and the truncation of the spherical har-
monic model at degree 65.

[37] Figure 7b shows the anisotropic wavelet coefficients
of admittance and correlation. Both the admittance and cor-
relation show little anisotropy. Anisotropic correlation is

-2-10 12 3 45 6 7
Topography [km]

-100 -50 0 50 100 150 200
Gravity [mgal]

min max min max

Topography Gravity

min max min

Topography

Gravity

Figure 6. Same as Figure 4 but for Venus. AT, Aphrodite Terra; BR, Beta Regio; IT, Ishtar Terra.

7 of 16



E01003

AUDET: WAVELET GRAVITY AND TOPOGRAPHY

E01003

-0.1 0.0 041
Admittance [mgal/m]

-1.0-0.5 0.0 0.5 1.0
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0.00 0.05 0.10 0.150.0 0.5 1.0
Admittance [mgal/m] Correlation

Figure 7. Same as Figure 5 but for Venus.

maximum around the Aphrodite and Ishtar Terrae. Larger
anisotropic coefficients at wavelet degree 64 may also reflect
associated errors for nonsectoral spherical harmonic coeffi-
cients, which produce strong azimuthal artifacts.
3.2.4. Comparison With Previous Studies

[38] The spatiospectral localization technique of Simons
et al. [1997] was first applied to study gravity and topog-
raphy on Venus. In their study they calculated geoid-to-
topography ratios globally and interpreted their results at a
number of locations, mostly around identified topographic
features. Their global maps of admittance (Figure 13 of
Simons et al. [1997]) at spherical harmonic degrees 8 and 16
can be directly compared to our results (Figure 7a). Despite
differences in localization properties of the wavelet and
windowing kernels, the results are in general agreement,
showing high positive admittance over the volcanic edifices
and lower admittance for the high-elevation Terrae.

3.3. Mars

3.3.1. Data

[39] The Martian topographic model is obtained form the
Mars Orbiter Laser Altimeter (MOLA) instrument aboard
the Mars Global Surveyor (MGS) mission [Smith et al.,
1999b]. We use the GTM090 model, which gives absolute
radius from Mars’ center of mass, or shape. The radial
gravitational model JGMRO 110b2 is obtained by radio
tracking of the Mars Reconnaissance Orbiter (MRO) mis-
sion [Smith et al., 1999a] (Figure 8b). The Martian topog-
raphy is calculated by removing the areoid contribution to
the shape model [McGovern et al., 2002] (Figure 8a).
3.3.2. Wavelet Transform

[40] The isotropic wavelet coefficients are shown in
Figure 8c. The signatures of the Tharsis Montes, Elysium
Rise and Valles Marineris can be discerned up to /, = 64,
and are associated with a central positive maximum sur-
rounded by a circular minimum. Impact basins are resolved
at various wavelet degrees depending on their size, and
are characterized by negative coefficients of topography
and positive coefficients of gravity anomalies, indicating

mass concentrations. The Hellas basin in the southern
hemisphere does not show strong gravity anomalies, whereas
the Utopia basin has a large positive gravity anomaly with
negative topography.

[41] Anisotropic wavelet coefficients of gravity and
topography are shown in Figure 8d. The observed patterns
of anisotropy exhibit similar trends to the isotropic patterns.
The strongest anisotropic signals at wavelet degree 8 corre-
spond to the Tharsis and Elysium Rise, and the Hellas basin.
Beyond degree 8 the Tharsis Montes dominate both the
anisotropic gravity and topography signals.

3.3.3. Wavelet Admittance and Correlation

[42] The admittance and correlation maps are shown
in Figure 9a. These results confirm and extend previous
observations of global admittance and correlation on Mars
[Kido et al., 2003; McGovern et al., 2002]. Several first-
order features are clearly seen on the maps: (1) regions of
elevated and positive admittance and correlation are local-
ized around volcanic constructs: Olympus Mons, the Tharsis
Montes, Alba Patera, Valles Marineris, and Elysium Rise;
(2) the southern highlands display consistently low admit-
tance values and moderate to high positive correlation; (3) in
contrast, the northern lowlands are characterized by large
positive and negative coefficients of both admittance and
correlation with significant small-scale variations; (4) the
Hellas basin shows high correlation with moderate admit-
tance; and (5) the largest mascon basins (Utopia, Isidis and
Argyre) are characterized by degree-dependent admittance
and correlation with negative values at wavelet degree 16,
reflecting gravity highs coupled with topographic lows. We
note that, with the exception of some large impact basins,
the vast majority of locations displaying negative coeffi-
cients occur in the northern lowlands.

[43] Results of anisotropic coefficients of admittance and
correlation are shown in Figure 9b. At wavelet degrees 16
and 32 the admittance and correlation at major volcanic
edifices are isotropic. The northern lowlands show larger
variations in both admittance and correlation anisotropic
coefficients. At degree 16 the largest coefficients in the
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Figure 8. Same as Figure 4 but for Mars. Note how the large volcanoes dominate both the gravity and
topography coefficients at all wavelet degrees, obscuring the signal elsewhere. AP, Alba Patera; Ar,
Argyre; ER, Elysium Rise; He, Hellas; Is, Isidis; OM, Olympus Mons; Th, Tharsis; Ut, Utopia; VM,
Valles Marineris.

correlation map are localized south of the Elysium Rise and 3.3.4. Comparison With Previous Studies

directly East of the Tharsis Rise. At degree 32 the largest [44] The work by Kido et al. [2003] describes the only
coefficients lie midway between Elysium and Olympus other known example of a spherical wavelet transform
Mons, and to the east of Tharsis. applied to the gravity and topography of Mars. Technically,

-02-0.1 0.0 0.1 02-1.0-0.5 0.0 0.5 1.0 0.0 0.1 0.2 0.0 0.5 1.0
Admittance [mgal/m] Correlation Admittance [mgal/m] Correlation

Figure 9. Same as Figure 5 but for Mars.
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the transform used by Kido et al. [2003] is not a wavelet
transform because they use a spherical correction to
Euclidian wavelets that does not preserve self-similarity at
different dilations. In practice they define an axisymmetric
kernel based on the zeroth-order Bessel function of the first
kind modulated by a localizing (Gaussian) window, which is
equivalent to the azimuthal averaging of a real Morlet
wavelet prior to the application of the transform. The two
main differences lie in the spherical correction (we use a
stereographic projection which preserves self-similarity) and
the azimuthal averaging (we average the wavelet coeffi-
cients rather than the wavelet basis). We note that, although
irrelevant to the comparison of results, a third difference is a
significant improvement in the computational costs of the
wavelet algorithm developed by McEwen et al. [2007a],
which allows one to perform the fully directional wavelet
transform on a personal computer.

[45] In the analysis of Kido et al. [2003] the width of the
kernel is proportional to /,/o where /,, is the wave number
on the sphere corresponding to an angular degree of the
spherical harmonics (equivalent to /, in our work) and o
controls the balance of localization. Manipulating the ratio
l,/o is thus equivalent to varying the wavelet dilation a.
Results of the isotropic wavelet coefficients (Figure 8c)
should be compared with those shown in Figures 7c and 7d
of Kido et al. [2003]; these are very similar. The admittance
and correlation functions in Figures 7¢ and 7f of Kido et al.
[2003] are also very close to our results (Figure 9a). Minor
difference may be due to slightly different wavelet basis
functions, localizing parameters, and data sets.

[46] Using the spectral localization technique of Simons
et al. [1997], McGovern et al. [2002] calculated gravity-
topography admittance and correlation maps of Mars by
moving a spatiospectral window with a fixed width of
L.,i» = 10, which corresponds to a maximum wavelength
of = 1200 km, over the full spherical harmonic spectrum.
The fixed window approach degrades spatial resolution at the
largest degrees compared to the wavelet transform, and there-
fore some differences are expected at small wavelengths.
Despite these differences the results are qualitatively very sim-
ilar and show larger positive and negative admittance and cor-
relation anomalies in the northern hemisphere than in the south.

3.4. The Moon

3.4.1. Data

[47] Recent missions to the Moon (Lunar Reconnaissance
Orbiter, SELENE) are starting to provide high-resolution
topographic and gravity models of the lunar farside. Here
we use gravity and topography data from the SELENE
mission (Figures 10a and 10b). The topography model
LALT360 was obtained from the laser altimeter instrument
(updated from Araki et al. [2009]). The gravity model
SGM100h was obtained by four-way Doppler measure-
ments of the main orbiter by the Relay Sub-satellite Tran-
sponder (RSAT) [Matsumoto et al., 2010]. These models
provide dramatic improvement over previous ones, in par-
ticular on the farside of the Moon. We note, however, that
data quality may differ between farside and nearside lunar
gravity due to the use of a subsatellite relay.
3.4.2. Wavelet Transform

[48] Isotropic wavelet coefficients of gravity and topog-
raphy are shown in Figure 10c. The largest topographic
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signal is the dramatic elevation difference at the northeastern
rim of the South Pole-Aitken (SPA) basin observed at
wavelet degree 8. Interestingly, there is little associated
gravity anomaly at the same scale, indicating near-isostatic
compensation. The largest gravity signals coincide with the
various mascons (Imbrium, Serenitatis, Crisium, Orientale)
observed mostly on the lunar nearside.

[49] Anisotropic wavelet coefficients of gravity and topog-
raphy are shown in Figure 10d. Apart from the signature of the
mascons, the nearside lowlands are mostly isotropic whereas
the farside highlands are highly anisotropic in both gravity
and topography coefficients.

3.4.3. Wavelet Admittance and Correlation

[s50] The admittance and correlation maps (Figure 11a)
show a remarkable dichotomy, similar to what is observed
for Mars. The lowland basins display large negative admit-
tance and correlation at wavelet degrees /, < 64, whereas the
farside highlands show high positive admittance and corre-
lation, except for a few large impact basins. All large impact
basins have negative values at wavelet degrees correspond-
ing to their size. In contrast, the SPA basin shows both
positive admittance and correlation at all wavelet degrees.

[5s1] Anisotropic wavelet coefficients of admittance and
correlation are shown in Figure 11b. The observed patterns
are reversed with respect to the isotropic maps and show
larger anisotropy in both admittance and correlation on the
nearside lowlands at all wavelet degrees, whereas the farside
highlands are mostly isotropic.

4. Discussion

[52] In this section we discuss the broad implications of
the observed wavelet admittance and correlation maps for
the flexure of the lithosphere on each terrestrial body in a
qualitative way. We first provide a basic description of the
thin elastic shell model and expected observations to com-
pare with results reported herein. For similar discussions on
the flexural modeling the reader is referred to the work by
Wieczorek [2007, and references therein].

4.1. Flexure of a Thin Elastic Shell

[53] Modeling the lithosphere as a thin elastic shell
assumes that loads are in flexural isostatic equilibrium. In
this model the gravity field is linearly related to the topog-
raphy via a linear isostatic response function. Deconvolving
the topography from the gravity (effectively calculating the
admittance function) provides an estimate of this transfer
function, which can then be modeled by loading the elastic
shell either at a single interface by topography (surface load)
or by internal mass anomalies (bottom load), or at both
surface and bottom interfaces simultaneously (dual loading).
The admittance function thus depends on a number of
flexural parameters such as the density of the crust (p.) and
mantle (p,,), parameters of the elastic shell (Poisson’s ratio
(v), Young’s modulus (£) and thickness (7,)), crustal
thickness (7,), the depth of bottom loading (z), gravitational
acceleration (g), the mean planetary radius (R), and, in the
case of the dual loading scenario, the load ratio (/') and load
correlation («r) between the initial loads [Wieczorek, 2007].
Of these, the density structure and crustal and elastic
thicknesses are usually the important parameters that one
wishes to estimate. The depth to bottom loading, loading
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Figure 10. Same as Figure 4 but for the Moon. Cr, Crisium; Im, Imbrium; Or, Orientale; Se, Serenitatis;

SPA, South Pole—Aitken.

ratio and load correlation are model parameters that are
usually fixed in the inversion.

[s4] Consider first a model with loading at a single
interface. In this case the net deflection produced by the load
mimics the shape of the load and the gravity-topography
correlation, -, is always 1. If the loads are supported locally

as in the Airy isostatic model (i.e., no rigidity), then the
expected gravity anomaly, and hence admittance, is small.
For loads supported by bending rigidity, the admittance has
an inflection point from low to high values at a given
spherical harmonic degree which gives an indication of T7..
If the inflection point occurs at large degrees, we can use the

-0.2-0.1 0.0 0.1 02-1.0-0.5 0.0 0.5 1.0

Admittance [mgal/m] Correlation

0.0 0.1 0.2 0.0 0.5 1.0
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Figure 11. Same as Figure 5 but for the Moon.
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Cartesian approximation for the elastic plate [e.g., Turcotte
and Schubert, 2002],

pgAy ~ ET2/12(1 — 17), (24)
where Ar is the equivalent wavelength obtained from
equation (13). Although an oversimplification of reality, this
relation can be used to estimate rough bounds on 7, of the
terrestrial planets. More importantly, however, this equation
cannot be used to estimate 7, where the admittance or
correlation is negative (e.g., mascons).

[55] In the dual loading model, one has to make further
assumptions about the loading structure in order to estimate
flexural parameters. If the loads are due to the same caus-
ative process (e.g., volcanoes), both surface and bottom
deflections of the elastic shell are in phase and the correla-
tion function is 1 over a large portion of the spectrum. The
flexural parameters can then be estimated from the admit-
tance by assuming a given loading ratio between surface
and internal loads. A degree-dependent correlation func-
tion indicates failure of this simple model and additional
assumptions regarding the loading structure are required to
invert the admittance. In the example above, the load cor-
relation, «, is also 1 because loads are in phase. One can
relax this assumption by selecting a particular statistical
relationship between surface and internal loads (in phase,
out of phase, random phase). In such a model the isostatic
functions can be negative if loads are out of phase, which is
a clear diagnostic of flexural support. Indeed, any large
initial loads will always flex the shell so as to bring the final
flexed surfaces in phase, such that negative admittance and
correlation functions at low wavelet degrees imply that
loads are supported elastically.

4.2. Anisotropy

[s6] Directional variations in either the admittance or
correlation functions indicate that additional model para-
meters are required to explain the data. There is currently
no thin elastic shell model that incorporates the effect of
anisotropy as observed here. Since most model parameters
are intrinsically isotropic, only a few modifications to the
current models may be considered. A straightforward exten-
sion is to consider the loading of a thin orthotropic elastic shell
(different rigidities in two perpendicular directions). In the
Cartesian domain the equations for the flexure of an ortho-
tropic plate have been successfully applied to estimate the
anisotropic rigidity of the lithosphere on Earth [Swain and
Kirby, 2003; Kirby and Swain, 2006]. In the spherical
domain the equations may be derived in a similar fashion [e.g.,
Kraus, 1967]. Such a model can give useful estimates if the
inflection point at the wavelength of flexure varies azimuthally
(most likely at low wavelet degrees). Directionally dependent
admittance and correlation functions at large wavelet degrees
(i.e., larger than corresponding transition wavelength Ar)
cannot be modeled using an orthotropic shell model. Alter-
natively, the assumptions regarding the loading structure may
perhaps be modified to allow for load directionality, in addi-
tion to load correlation and load ratio. The anisotropy at large
degrees could also indicate localized compensation in a pre-
ferred direction due to faulting of the crust [e.g., Simons et al.,
2003] or the effect of sedimentation or erosion which can
erase the directionality in the topographic signal while leaving
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the anisotropic gravity signature intact if subsurface loads
are uncompensated.

4.3. Implications for the Lithosphere of the
Terrestrial Planets

4.3.1. Earth

[57] Early studies of the admittance on Earth have focused
on estimating the density structure of the lithosphere
[Dorman and Lewis, 1970; Lewis and Dorman, 1970;
Dorman and Lewis, 1972]. Models were further refined for
the surface loading of an elastic plate [e.g., Banks et al.,
1977; McNutt and Parker, 1978]. Forsyth [1985] subse-
quently developed the Bouguer coherence (squared complex
correlation between Bouguer gravity and topography)
method where T, is estimated by assuming random corre-
lation between initial surface and subsurface loading. This
assumption is valid to a certain extent due to the effects of
constant load reorganization by plate tectonics, erosion and
sedimentation. Since the work of Forsyth [1985], most
studies have used the Bouguer coherence method to estimate
T, on continents. These studies show that continental inter-
iors are much stronger, and thus thicker, than the surround-
ing margins and ocean basins. In addition, plate margins
are shown to be strongly anisotropic with weak directions
perpendicular to major boundaries and lithospheric fabric
[e.g., Simons et al., 2003; Kirby and Swain, 2006; Audet
et al., 2007].

[s8] Alternatively, some authors have argued that the
Bouguer coherence method is biased by low topography
over most continental areas, and that loads with no topo-
graphic expressions will overestimate T, [McKenzie and
Fairhead, 1997; McKenzie, 2003]. These authors propose
to use the admittance between free-air gravity and topog-
raphy with uniform f, rather than the load deconvolution
method, because these should be similar over a large range
of wavelengths. These studies suggest that, in contrast to
estimates obtained from the Bouguer coherence method,
continents are weak and 7, is nowhere greater than the
crustal thickness. Subsequently, Kirby and Swain [2009]
have used synthetic models with various scenarios of lith-
ospheric loading to show that both methods are biased in the
presence of unexpressed loads, and that 7, >100 km can still
be recovered in such cases. Nevertheless, as Wieczorek
[2007] argues, both the admittance and correlation func-
tions should be used simultaneously in order to obtain
meaningful estimates of lithospheric parameters, which has
never been attempted as yet (see Stark et al. [2003] for an
alternative approach).

[s9] Regardless of the loading scenario, we can still gain
useful information on lithospheric structure from the global
admittance and correlation maps (Figure 5). The larger
admittance values in the continents with increasing wavelet
degrees implies a larger mass anomaly per unit topography.
If we assume a uniform crustal density, the larger admit-
tance on continents indicates that the extra mass must be
supported mechanically. The transition from compensated to
supported topography (low to high admittance) occurs at
wavelet degrees /,< 64 for most continental areas, corre-
sponding roughly to Ar > 625 km (equation (13)). Taking
values typical for the Earth (£ = 100 GPa, v = 0.25, p. =
2800 kg/m®, g = 9.8 m/s®) and using equation (24), this
corresponds roughly to 7, > 75 km. Such values, although
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perhaps unrealistically large due to the assumption of sur-
face loading only in equation (24), are more consistent with
results obtained with the Bouguer coherence method. We
note, however, that a formal inversion of wavelet admittance
and correlation for 7, using both planar and spherical
wavelet transforms is needed to assess how much of these
differences can be attributed to the effect of neglecting Earth
curvature in the planar method. Based on the patterns of
transitional admittance it appears that the lithosphere of Eurasia
and Africa are strongest. We note that the anisotropic admit-
tance pattern follows closely that of the isotropic admittance
(Figure 5), which supports the preliminary conclusions.
4.3.2. Venus

[60] Estimates of 7, on Venus have been obtained using
gravity and topography by, e.g., Johnson and Sandwell
[1994], Simons et al. [1997], Barnett et al. [2000],
Hoogenboom et al. [2005], and Anderson and Smrekar
[2006]. The study by Anderson and Smrekar [2006] esti-
mated 7, from a global mapping of the admittance function
using the spatiospectral localization technique of Simons
et al. [1997] and a dual loading model, and found 7,
varying between 0 and 100 km with approximately 50% of
the planet having 7, < 20 km. Because data accuracy is
lower than that of other planets, our analysis is only valid to
wavelet degrees [, < 32. Unfortunately, as shown by
Anderson and Smrekar [2006], most admittance curves have
their inflection point at around degree 60. Nevertheless, we
can still estimate upper bounds on 7, from the remaining
wavelet degrees analyzed.

[61] The high positive correlation indicates either that a
simple surface loading model, or a dual loading model with
correlated initial loads, is valid. High positive correlation
and high admittance at low wavelet degrees ([, < 16) may be
explained by dynamic topography caused by mantle con-
vection [McKenzie, 1994]. The lower admittance at the
Aphrodite and Ishtar Terrae suggests near-complete com-
pensation, consistent with the low 7, values reported by
Anderson and Smrekar [2006]. Taking values estimated for
Venus (p. = 2800 kg/m’, g = 9.8 m/s?), and evaluating a
transitional admittance at wavelet degree /, > 64, we obtain
an upper bound of 7, < 70 km. The absence of admittance
and/or correlation anisotropy on Venus may suggest that the
lithosphere does not record significant fabric from dynamic
processes operating within the planet. Alternatively, it may
indicate that such processes produce isotropic loads such
as coronae that are associated with transient plume-like
upwellings [Johnson and Richards, 2003]. Finally, we note
that the uniformly high positive correlation at wavelet
degree 8 is atypical of the terrestrial planets analyzed herein,
and indicates that the sublithospheric mantle of Venus is
more homogeneous compared to Earth’s mantle, in agree-
ment with previous findings [Phillips and Lambeck, 1980].
4.3.3. Mars

[62] For Mars, most recent studies focus on locations that
exhibit high gravity-topography correlation over a range
of spherical harmonic degrees [McGovern et al., 2002;
Belleguic et al., 2005]. As explained in section 4.1, this
choice validates the use of a dual loading model with a fixed
load ratio and in-phase loading to estimate flexural para-
meters. Because these studies are limited to a small number
of locations, mostly around volcanic edifices, the estimated
flexural parameters may not be representative of the true
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distribution. In particular, the negative admittance and cor-
relation at low wavelet degrees (/, < 16) in the northern
hemisphere suggests that large loads are uncompensated,
indicating support by a strong lithosphere. However, most
of the northern lowland topography is flat and covered by a
thick sediment blanket, which acts to reduce the power
spectrum of topography while keeping the gravity structure
relatively intact. Very small differences in the initial load
correlation can thus be amplified by low-power topography to
produce the large polarity swings observed in the admittance.
Sedimentation could also help to explain the large anisotropic
coefficients of the admittance in the northern hemisphere. A
thick, flexurally supported sediment cover would erase
anisotropic signals initially present in the topography, such
that the ratio between a directional gravity field with an iso-
tropic, low-power topography can produce strong heteroge-
neous anisotropic admittance. The fact that regions showing
strong admittance anisotropy do not have correspondingly
high correlation anisotropy supports this interpretation.

[3] On the other hand, strong gravity signals at low
wavelet degrees in the northern versus the southern hemi-
sphere combined with a large crustal dichotomy argues for
the excavation of the crust by a very large impact basin
[Andrews-Hanna et al., 2008; Marinova et al., 2008;
Nimmo et al., 2008]. This interpretation is also supported by
the similarities in the admittance and correlation between
the northern lowlands and large mascon basins (Argyre
and Isidis), which suggests a strong Martian lithosphere.
Interestingly, the strong anisotropy at low wavelet degrees
(I, < 16) in the correlation appears in regions of both low
admittance and low admittance anisotropy. These regions do
not coincide with any known surface feature, and may
indicate flexural support by an orthotropic elastic shell.
Alternatively, as Wieczorek [2007] points out, the degree-
dependent correlation function is affected by gravitational
“noise” that is uncorrelated with the topography, which may
be responsible for some of the features observed in the
correlation maps [see also McKenzie, 2003].

[64] Finally, T, on Mars may vary by as much as 1 order
of magnitude (10 < T, < 160 km) [McGovern et al., 2002],
as observed in the significant variations in the transition
wavelength. These bounds are only approximately valid for
the Martian highland regions where admittance and corre-
lation are positive.

4.3.4. The Moon

[s] Few studies have focused on estimating 7, on the
Moon. Early studies include that by Solomon and Head
[1980], who used mapped features around impact craters
to calculate T,, and Arkani-Hamed [1998] who investigated
the flexural support of mascons using gravity and topogra-
phy data from the Clementine mission. More recently,
Crosby and McKenzie [2005] used line of sight acceleration
data of the lunar nearside from the Lunar Prospector mission
to estimate the admittance and coherence, which were then
modeled to obtain 7. Most studies find 7, on the order of a
few tens of km. To our knowledge, this is the first study of
gravity-topography admittance to use the newest high-
resolution data sets with complete coverage of the farside
gravity field.

[66] Perhaps the most spectacular feature of the Moon’s
admittance and correlation maps is the large contrast between
the farside and the nearside. The dichotomy is characterized

13 of 16



E01003

by large negative and anisotropic admittance and correlation
coefficients on the nearside and positive isotropic coeffi-
cients on the farside. The origin of the anisotropy is enig-
matic as both topography and gravity coefficients show the
opposite trend: isotropy on the nearside and anisotropy on
the farside. The smooth and negative topography of the
nearside is characterized by lavas enriched in incompatible
elements (KREEP terrane), which implies remelting of the
lunar floor, possibly due to higher concentration of radio-
genic elements in the crust [Wieczorek et al., 2006]. In
addition, tectonic landforms occur predominantly on the
lunar nearside [Watters and Johnson, 2010]. The stronger
anisotropy could then represent fabric originating from var-
ious landforms such as wrinkle ridges and rilles. Regardless
of its origin, the nearside admittance and correlation anisot-
ropy suggests a strong nearside lithosphere.

[67] The origin of the dichotomy is a matter of much
debate [Wieczorek et al., 2006]. The similarity in structure
between the Moon and Mars may provide clues on the
evolution of the lithosphere of these bodies. These are
characterized by hemispherical contrasts in admittance and
correlation coefficients, where the signature of lowlands
is similar to that of large mascons. This dichotomy also
coincides with large differences in crustal structure [ Wieczorek
and Zuber, 2004; Wieczorek and Phillips, 1998], reinforcing
the idea that large contrasts in lithospheric rigidity exist on
both bodies. In each case the lowlands, which have been
resurfaced by laval flows, are presumably underlain by strong
lithosphere; in contrast, the pristine rocks of both lunar and
Martian highlands are supported by weaker lithosphere. As is
widely recognized, the two largest identified impact basins in
the solar system (apart from the postulated Borealis basin on
Mars), South Polar—Aitken on the Moon and Hellas on Mars,
have signatures that indicate near-complete compensation of
impact-induced loads. Why these impact events did not pro-
duce associated mascons is enigmatic; however the fact that
they are located in highland regions supports the interpretation
of weak underlying lithosphere.

[68] Finally, assuming crustal density of 2900 kg/m’
[Wieczorek et al., 2006], the transition in admittance at low
wavelet degrees (I, ~ 16) suggests T, ~ 50 km in highlands
where admittance and correlation are positive (thus exclud-
ing mascons), in agreement with previous studies [Arkani-
Hamed, 1998].

5. Conclusion

[69] In this paper we describe the application of a spherical
wavelet analysis using directional and isotropic wavelets
constructed from the azimuthal averaging of directionally
adjacent Morlet wavelets. The algorithm is used to calculate
the isotropic and anisotropic wavelet coefficients of topog-
raphy and gravity of the terrestrial planets and their cross-
spectral quantities (admittance and correlation). The results
are compared with the published literature and reveal inter-
esting features that have implications for the flexural support
of planetary lithospheres.

[70] On Earth, low admittance and high correlation at long
wavelengths indicates compensation of lithospheric loads.
The increase in admittance on continents suggests that 7, is
likely much higher compared to ocean basins, with values
ranging roughly between 75 and 200 km. The origin of the
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anisotropy of Earth’s continental lithosphere is difficult to
determine from such global maps and further study is war-
ranted. On Venus, the admittance and correlation maps show
uniformly low positive and isotropic values, possibly reflecting
the combination of isostatic compensation and dynamic
topography due to convection. The various high-elevation
terrains display lower admittance than the low-lying plains,
indicating weaker lithosphere. The high correlation at low
wavelet degrees likely implies a homogeneous sublithospheric
mantle. On Mars, the admittance and correlation maps are
characterized by the dichotomy between northern lowlands,
where admittance and correlation are negative and highly
anisotropic, and the southern highlands, where admittance is
low and correlation is high. Large mascons (Isidis and Argyre)
also display negative admittance and correlation reflecting
flexural support, whereas the Hellas basin is isostatically
compensated. The various Martian volcanic provinces show
both high admittance and correlation with little anisotropy,
indicating high-density loads. Similar to Mars, the Moon is
characterized by a strong hemispherical dichotomy where
the nearside lowlands exhibit negative and highly anisotropic
admittance and correlation, whereas the farside highlands
show isotropic, positive low admittance and high correlation.
Large lunar mascons are characterized by negative values,
whereas the South Pole—Aitken basin is fully compensated.

[71] Results from this paper are preliminary, and only serve
to illustrate a useful application of the spherical wavelet
technique. Formal inversions of the admittance and correlation
maps will be necessary to elucidate the nature of the differ-
ences in lithospheric structure between these planetary bodies.

[72] Finally, the wavelet analysis presented herein can be
similarly applied to any planetary body in the solar system
with sufficiently high resolution data. Its use is not restricted
to gravity and topography, however, and one can find
potential applications in the study of planetary magnetic
fields, etc. With the upcoming release of data from different
interplanetary missions (e.g., Lunar Reconnaissance Orbiter,
MESSENGER), such a wavelet analysis will certainly prove
to be a useful tool for the rapid interpretation and dissemi-
nation of results.

[73] Acknowledgments. The software FastCSWT (http://www.mrao.
cam.ac.uk/~jdm57/) was used to perform the wavelet transform calcula-
tions. The softwares SHTOOLS (http://www.ipgp.fr/~wieczor/
SHTOOLS/SHTOOLS.html) and HEALPix (http://healpix.jpl.nasa.gov/)
were used to process the data products obtained from the Planetary Data
System Geoscience Node archives (http://pds-geosciences.wustl.edu/
default.htm). The lunar data were obtained from the SELENE data archive
(https://www.soac.selene.isas.jaxa.jp/archive/index.html.en). This work is
supported by the Miller Institute for Basic Research in Science (UC Berkeley).
The author acknowledges discussions with M. Manga, M. Jellinek, and
C. Johnson. This paper was much improved by constructive comments from
the Associate Editor and two anonymous reviewers.

References

Amante, C., and B. W. Eakins (2009), ETOPOI 1 arc-minute global relief
model: Procedures, data sources and analysis, Tech. Memo. 24, 19 pp.,
NOAA, Boulder, Colo.

Anderson, F. S., and S. E. Smrekar (2006), Global mapping of crustal and
lithospheric thickness on Venus, J. Geophys. Res., 111, E08006,
doi:10.1029/2004JE002395.

Andrews-Hanna, J. C., M. R. Zuber, and W. B. Banerdt (2008), The Bor-
ealis basin and the origin of the Martian crustal dichotomy, Nature, 453,
1212-1215.

14 of 16



E01003

Antoine, J.-P., and P. Vandergheynst (1999), Wavelets on the 2-sphere: A
group-theoretical approach, Appl. Comput. Harmon. Anal., 7, 262-291.

Antoine, J.-P., R. Murenzi, and P. Vandergheynst (2004), Two-Dimen-
sional Wavelets and Their Relatives, Cambridge Univ. Press, Cambridge,
U. K.

Araki, H., et al. (2009), Lunar global shape and polar topography derived
from Kaguya-LALT laser altimetry, Science, 323, 897-900.

Arkani-Hamed, J. (1998), The lunar mascons revisited, J. Geophys. Res.,
103, 3709-37309.

Arkani-Hamed, J. (2000), Strength of Martian lithosphere beneath large
volcanoes, J. Geophys. Res., 105, 23,197-23,207.

Audet, P., and J.-C. Mareschal (2007), Wavelet analysis of the coherence
between Bouguer gravity and topography: Application to the elastic
thickness anisotropy in the Canadian Shield, Geophys. J. Int., 168,
287-298.

Audet, P., A. M. Jellinek, and H. Uno (2007), Mechanical controls on the
deformation of continents at convergent margins, Earth Planet. Sci. Lett.,
264, 151-166, doi:10.1016/j.epsl.2007.09.024.

Banks, R. J., R. L. Parker, and S. P. Huestis (1977), Isostatic compensation
on a continental scale: Local versus regional mechanisms, Geophys. J. R.
Astron. Soc., 51, 431-452.

Barnett, D. N., F. Nimmo, and C. McKenzie (2000), Elastic thickness
estimates for Venus using line of sight accelerations from Magellan
Cycle 5, Icarus, 146, 404-419.

Belleguic, V., P. Lognonné, and M. A. Wieczorek (2005), Constraints on
the Martian lithosphere from gravity and topography data, J. Geophys.
Res., 110, E11005, doi:10.1029/2005JE002437.

Crosby, A. G., and D. McKenzie (2005), Measurements of the elastic thick-
ness under ancient lunar terrain, Icarus, 173, 100-107.

Dorman, L. M., and B. T. R. Lewis (1970), Experimental isostasy: 1. Theory
of the determination of the Earth’s isostatic response to a concentrated
load, J. Geophys. Res., 75, 3357-3365.

Dorman, L. M., and B. T. R. Lewis (1972), Experimental isostasy: 3. Inver-
sion of the isostatic green function and lateral density changes, J. Geophys.
Res., 77, 3068-3077.

Forsyth, D. W. (1985), Subsurface loading and estimates of the flexural
rigidity of continental lithosphere, J. Geophys. Res., 90, 12,623-12,632.

Gorski, K. M., E. Hivon, A. J. Banday, B. D. Wandelt, F. K. Hansen,
M. Reinecke, and M. Bartelmann (2005), Healpix—A framework for
high resolution discretization and fast analysis of data distributed on
the sphere, Astrophys. J., 622, 759-771.

Hoogenboom, T., G. Houseman, and P. Martin (2005), Elastic thickness
estimates for coronae associated with chasmata on Venus, J. Geophys.
Res., 110, E09003, doi:10.1029/2004JE002394.

Johnson, C. L., and M. A. Richards (2003), A conceptual model for the
relationship between coronae and large-scale mantle dynamics on Venus,
J. Geophys. Res., 108(E6), 5058, doi:10.1029/2002JE001962.

Johnson, C. L., and D. T. Sandwell (1994), Lithospheric flexure on Venus,
Geophys. J. Int., 119, 627-647.

Kido, M., D. A. Yuen, and A. P. Vincent (2003), Continuous wavelet-like
filter for a spherical surface and its application to localized admittance
function on Mars, Phys. Earth Planet. Inter., 135, 1-14.

Kirby, J. F. (2005), Which wavelet best reproduces the Fourier power spec-
trum?, Comput. Geosci., 31, 846-864.

Kirby, J. F., and C. J. Swain (2006), Mapping the mechanical anisotropy of
the lithosphere using a 2-D wavelet coherence, and its application to
Australia, Phys. Earth Planet. Int., 158, 122—138.

Kirby, J. F., and C. J. Swain (2009), A reassessment of spectral 7, estima-
tion in continental interiors: The case of North America, J. Geophys.
Res., 114, B08401, doi:10.1029/2009JB006356.

Kraus, H. (1967), Thin Elastic Shells, John Wiley, New York.

Lewis, B. T. R., and L. M. Dorman (1970), Experimental isostasy: 2. An
isostatic model for the U.S.A. derived from gravity and topographic data,
J. Geophys. Res., 75, 3367-3386.

Lowry, A. R., and R. B. Smith (1994), Flexural rigidity of the Basin and
Range-Colorado Plateau-Rocky Mountain transition from coherence
analysis of gravity and topography, J. Geophys. Res., 99, 20,123-20,140.

Lowry, A. R., and R. B. Smith (1995), Strength and rheology of the west-
ern U.S. Cordillera, J. Geophys. Res., 100, 17,947-17,963.

Marinova, M. M., O. Aharonson, and E. Asphaug (2008), Mega-impact
formation of the Mars hemispheric dichotomy, Nature, 452, 1216-1219.

Matsumoto, K., et al. (2010), An improved lunar gravity field model from
SELENE and historical tracking data: Revealing the farside gravity fea-
tures, J. Geophys. Res., 115, E06007, doi:10.1029/2009JE003499.

McEwen, J. D., M. P. Hobson, A. N. Lasenby, and D. J. Mortlock (2005),
A high-significance detection of non-Gaussianity in the WMAP 1-year
data using directional spherical wavelets, Mon. Not. R. Astron. Soc.,
359, 1583-1596.

AUDET: WAVELET GRAVITY AND TOPOGRAPHY

E01003

McEwen, J. D., M. P. Hobson, D. J. Mortlock, and A. N. Lasenby (2007a),
Fast directional continuous spherical wavelet transform algorithms, /[EEE
Trans. Signal Process., 55(2), 520-529.

McEwen, J. D., P. Vielva, M. P. Hobson, E. Martinez-Gonzalez, and
A. N. Lasenby (2007b), Detection of the ISW effect and corresponding
dark energy constraints made with directional spherical wavelets, Mon.
Not. R. Astron. Soc., 376, 1211-1226.

McGovern, P. J., S. C. Solomon, D. E. Smith, M. T. Zuber, M. Simons,
M. A. Wieczorek, R. J. Philips, G. A. Neumann, O. Aharonson, and
J. W. Head (2002), Localized gravity/topography admittance and corre-
lation spectra on Mars: Implications for regional and global evolution,
J. Geophys. Res., 107(E12), 5136, doi:10.1029/2002JE001854. (Correc-
tion, J. Geophys. Res., 109, E07007, doi:10.1029/2004JE002286, 2004.)

McKenzie, D. (1994), Relationship between topography and gravity on
Earth and Venus, Icarus, 112, 55-88.

McKenzie, D. (2003), Estimating 7, in the presence of internal loads,
J. Geophys. Res., 108(B9), 2438, doi:10.1029/2002JB001766.

McKenzie, D. P., and J. D. Fairhead (1997), Estimates of the effective elas-
tic thickness of the continental lithosphere from Bouguer and free air
gravity anomalies, J. Geophys. Res., 102, 27,523-27,552.

McKenzie, D. P., D. N. Barnett, and D.-N. Yuan (2002), The relationship
between Martian gravity and topography, Earth Planet. Sci. Lett., 195, 1-16.

McNutt, M. K., and R. L. Parker (1978), Isostasy in Australia and the evo-
lution of the compensation mechanism, Science, 199, 773-775.

Nimmo, F., S. D. Hart, D. G. Korycansky, and C. B. Agnor (2008), Impli-
cations of an impact origin for the Martian hemispheric dichotomy,
Nature, 452, 1220-1223.

Pérez-Gussinyé, M., A. R. Lowry, A. B. Watts, and 1. Velicogna (2004),
On the recovery of effective elastic thickness using spectral methods:
Examples from synthetic data and from the Fennoscandian Shield,
J. Geophys. Res., 109, B10409, doi:10.1029/2003JB002788.

Phillips, R. J., and K. Lambeck (1980), Gravity fields of the terrestrial
planets: Long-wavelength anomalies and tectonics, Rev. Geophys., 18,
27-76.

Sandwell, D. T., and W. H. F. Smith (1997), Marine gravity anomaly from
Geosat and ERS 1 satellite altimetry, J. Geophys. Res., 102, 10,039—
10,054.

Simons, F. J., M. T. Zuber, and J. Korenaga (2000), Isostatic response of
the Australian lithosphere: Estimation of effective elastic thickness and
anisotropy using multitaper spectral analysis, J. Geophys. Res., 105,
19,163-19,184.

Simons, F. J., R. D. van der Hilst, and M. T. Zuber (2003), Spatiospectral
localization of isostatic coherence anisotropy in Australia and its rela-
tion to seismic anisotropy: Implications for lithospheric deformation,
J. Geophys. Res., 108(BS5), 2250, doi:10.1029/2001JB000704.

Simons, F. J., F. A. Dahlen, and M. A. Wieczorek (2006), Spatiospectral
concentration on a sphere, SIAM Rev., 48, 504-536, doi:10.1137/
S0036144504445765.

Simons, M., and B. H. Hager (1997), Localization of the gravity field and
the signature of glacial rebound, Nature, 390, 500-504.

Simons, M., S. C. Solomon, and B. H. Hager (1997), Localization of grav-
ity and topography: Constraints on the tectonics and mantle dynamics of
Venus, Geophys. J. Int., 131, 24—44.

Smith, D. E., W. L. Sjogren, G. L. Tyler, G. Balmino, F. G. Lemoine, and
A. S. Konopliv (1999a), The gravity field of Mars: Results from Mars
Global Surveyor, Science, 286, 94-97.

Smith, D. E., et al. (1999b), The global topography of Mars and implica-
tions for surface evolution, Science, 284, 1495-1503.

Smith, W. H. F., and D. T. Sandwell (1997), Global sea floor topography
from satellite altimetry and ship depth soundings, Science, 277, 1956—
1962.

Solomon, S. C., and J. W. Head (1980), Lunar mascons basins: Lava infilling,
tectonics, and evolution of the lithosphere, Rev. Geophys., 18, 107-141.
Solomon, S. C., and J. W. Head (1990), Heterogeneities in the thickness of
the elastic lithosphere of Mars: Constraints on heat flow and internal

dynamics, J. Geophys. Res., 95, 11,073-11,083.

Spasojevic, S., M. Gurnis, and R. Sutherland (2010), Mantle upwellings
above slab graveyards linked to the global geoid lows, Nat. Geosci., 3,
435-438.

Stark, C. P., J. Stewart, and C. J. Ebinger (2003), Wavelet transform map-
ping of effective elastic thickness and plate loading: Validation using
synthetic data and application to the study of southern African tectonics,
J. Geophys. Res., 108(B12), 2558, doi:10.1029/2001JB000609.

Swain, C. J., and J. F. Kirby (2003), The coherence method using a thin
anisotropic plate model, Geophys. Res. Lett., 30(19), 2014, doi:10.1029/
2003GL018350.

Turcotte, D. L., and G. Schubert (2002), Geodynamics, Cambridge Univ.
Press, Cambridge, U. K.

15 of 16



E01003

Turcotte, D. L., R. J. Willemann, W. F. Haxby, and J. Norberry (1981),
Role of membrane stresses in the support of planetary topography,
J. Geophys. Res., 86, 3951-3959.

Watters, T. R., and C. L. Johnson (2010), Lunar tectonics, in Planetary
Tectonics, edited by T. R. Watters and R. A. Schultz, pp. 121-182, Cam-
bridge Univ. Press, Cambridge, U. K.

Wiaux, Y., L. Jacques, and P. Vandergheynst (2005), Correspondence prin-
ciple between spherical and Euclidean wavelets, Astrophys. J., 632, 15-28.

Wieczorek, M. A. (2007), Gravity and topography of the terrestrial planets,
in Treatise on Geophysics, vol. 6, Crust and Lithosphere Dynamics,
edited by G. Schubert, pp. 165-206, Elsevier, Amsterdam.

Wieczorek, M. A., and R. J. Phillips (1998), Potential anomalies on a
sphere: Applications to the thickness of the lunar crust, J. Geophys.
Res., 103, 1715-1724.

AUDET: WAVELET GRAVITY AND TOPOGRAPHY

E01003

Wieczorek, M. A., and F. J. Simons (2005), Localized spectral analysis
on the sphere, Geophys. J. Int., 162, 655675, doi:10.1111/j.1365-
246X.2005.02687.x.

Wieczorek, M. A., and M. T. Zuber (2004), Thickness of the Martian crust:
Improved constraints from geoid-to-topography ratios, J. Geophys. Res.,
109, E01009, doi:10.1029/2003JE002153.

Wieczorek, M. A., et al. (2006), The constitution and structure of the lunar
interior, Rev. Mineral. Geochem., 60, 221-364.

Zuber, M. T., et al. (2000), Internal structure and early thermal evolution of
Mars from Mars Global Surveyor topography and gravity, Science, 287,
1788-1793.

P. Audet, Department of Earth and Planetary Science, University of
California, 377 McCone Hall, Berkeley, CA 94720, USA. (paudet@

berkeley.edu)

16 of 16




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


