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Abstract In this paper we consider an anisotropic scaling approach to understanding
rock density and surface gravity which naturally accounts for wide range variability
and anomalies at all scales. This approach is empirically justified by the growing
body of evidence that geophysical fields including topography and density are scal-
ing over wide range ranges. Theoretically it is justified, since scale invariance is a
(geo)dynamical symmetry principle which is expected to hold in the absence of sym-
metry breaking mechanisms. Unfortunately, to date most scaling approaches have
been self-similar, i.e., they have assumed not only scale invariant but also isotropic
dynamics. In contrast, most nonscaling approaches recognize the anisotropy (e.g., the
strata), but implicitly assume that the latter is independent of scale. In this paper, we
argue that the dynamics are scaling but highly anisotropic, i.e., with scale dependent
differential anisotropy.

By using empirical density statistics in the crust and a statistical theory of high
Prandtl number convection in the mantle, we argue that P(K, k;) =~ (|K/k; Hy 4
|k./ks|)~5/H= is a reasonable model for the 3-D spectrum (K is the horizontal
wavevector and K is its modulus, &, is a vertical wavenumber), (s, H;) are funda-
mental exponents which we estimate as (5.3, 3), (3, 3) in the crust and mantle, re-
spectively. We theoretically derive expressions for the corresponding surface gravity
spectrum. For scales smaller than ~100 km, the anisotropic crust model of the den-
sity (with flat top and bottom) using empirically determined vertical and horizontal
density spectra is sufficient to explain the (Bouguer) g, spectra. However, the crust
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thickness is highly variable and the crust-mantle density contrast is very large. By
considering isostatic equilibrium, and using global gravity and topography data, we
show that this thickness variability is the dominant contribution to the surface g, spec-
trum over the range ~100-1000 km. Using estimates of mantle properties (viscosity,
thermal conductivity, thermal expansion coefficient, etc.), we show that the mantle
contribution to the mean spectrum is strongest at ~1000 km and is comparable to the
variable crust thickness contribution. Overall, we produce a model which is compati-
ble with both the observed (horizontal and vertical) density heterogeneity and surface
gravity anomaly statistics over a range of meters to several thousand kilometers.

Keywords Geogravity - Geopotential theory - Fractals - Multifractals - Scaling

1 Introduction

1.1 Gravity as a Probe of the Earth’s Interior: Gravity Anomalies and Depths to
Sources

The Earth’s gravity field is highly variable over a very wide range of spatial scales.
There are two approaches which have been used to understand this. The most com-
mon has been to seek one to one (deterministic) relations between the fluctuations in
surface gravity at a given scale and density anomalies at corresponding depths. In lo-
cal or regional studies, this idea is commonly used to infer the depth to the source of
gravity anomalies from the spectral peaks of surface gravity (e.g., Bullard and Cooper
1948; Spector and Grant 1970; Maus and Dimri 1996); the methods of wavelet analy-
sis represent the most recent development in this type of application (e.g., Fedi et al.
2005). The second (neglected) approach has aimed at understanding and explain-
ing the overall scale dependence of the statistics and the relations between the rock
density and surface gravity statistics. Both approaches exploit a basic result of po-
tential theory which shows that the contribution to the surface gravity at horizontal
wavenumber K decays exponentially with the depth of the layer.

Globally, the deterministic approach has attempted to interpret the separation
of the density heterogeneities from different rheological layers—the lithosphere,
asthenosphere, lower mantle, and core in order to understand the relationship be-
tween geodynamic processes and planetary gravity fields (see Bowin 2000 for a re-
cent review). Figure 1 shows the Earth geoid up to 360th order (the EGM96 model,
Lemoine et al. 1998), indeed it is plausible that the breaks at scales corresponding to
~3000 km and to ~100-200 km can be associated with the depths of core-mantle
and mantle-crust boundaries. That the break at 100-200 km is indeed the reflection
of the crust-mantle boundary with the mechanism of isostatic compensation can be
confirmed by the comparison of the gravity and topography power spectra (Fig. 1).
For uncompensated topography, the two spectra must be parallel (as they appear to
be at high wave numbers). If the topography is completely compensated, the low
wavenumber gravity power spectrum will be attenuated depending on the depth of
compensation. The exact wavenumber where the break occurs depends on the flexural
rigidity. The topography for wavenumbers < (200 km)~! (see Sect. 3.5) is apparently
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Fig. 1 Comparison of the surface gravity spectrum (bottom, shifted vertically for ease of comparison)
with the ETOPOS topography spectrum (middle) and continental US (top, two strips, each 512 x 65526
pixels long, each pixel, 90 m, also shifted vertically for clarity). The red reference line has slope —2.1.
Wave number units: km™!. Black, lower left shows the (isotropic) (spherical harmonic) global surface
gravity spectrum calculated from the data discussed in Lemoine et al. (1998). The modes 1, 2 have been
excluded, since they go far off-scale. The extreme high frequency (k = 360) corresponds to 22100 km

fully compensated, whereas for wavenumbers > (100 km)~'—=(200 km)~! it is not.
The actual break varies locally depending on flexural rigidity. Finally, the break at
~3000 km in Fig. 1 could be a manifestation of the mantle core discontinuity. A final
note before continuing: we use the terms “crust” and “mantle” somewhat loosely; we
recognize that in many cases the terms “lithosphere” and ‘““asthenosphere” might be
more technically exact.

1.2 Geophysical Scaling and Surface Gravity

The deterministic approaches have been most successful in determining characteris-
tic scales—either of rheological transitions, or of the depths of anomalies. They give
no information about—nor understanding of—the statistics as functions of scale be-
tween the break points, nor information about the statistics of strong anomalies at
fixed scales. In order to understand the observed wide range variability, some scaling
(scale invariant) type assumptions are virtually mandatory since otherwise a (largely
ad hoc) hierarchy of individual (nonscaling) sources of variability would have to be
invoked every factor of 2 or 3 in scale. Indeed, there have been scaling models in
solid earth geophysics ever since Vennig-Meinesz (1951) suggested that the energy'

IThis is the (horizontal) angle integrated spectrum not the angle averaged spectrum; see discussion below.
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at horizontal wave number K in the topography spectrum follows
E(K)~ K Por (1.1)

with Bop = 2. Figure 1 shows that even with modern data Venning-Meinesz’s spec-
trum is still an excellent approximation even down to scale below 1 km (although
Brop ~ 2.1, see Gagnon et al. 2003, 2006). If we perform isotropic scale reductions
by a factor A such that horizontal vectors are transformed as X — A~' X, then the
corresponding wave vectors are transformed as K — ALK ; we see that the power law
form of E(K) is conserved (it is “scaling”); the exponent § is “scale invariant”. Spec-
tra of this form are therefore expected if the underlying dynamical processes are also
symmetric with respect to isotropic scaling transformations (systems symmetric with
respect to such isotropic scaling transformations are called “self-similar”).

The implications of the scaling of the topography for the gravity field have also
been considered for some time. Kaula (1963) noted that the spectrum of the Earth’s
geoid follows a power law of the type (1.1) but with Bgeoid & 3. Since Bgeoid = B¢ +2,
and over the range 200-3000 km Fig. 1 shows a flat gravity spectrum (8, ~ 0), a value
Bgeoid A 2 is more realistic. Kaula already noted that the power spectrum of the grav-
ity potential due to uncompensated surface topography should have Bgeoia = 4, cor-
responding to a much more rapid decay than that observed. The discrepancy reflects
the fact that the surface topography is by and large isostatically compensated.

Although studies of the scaling properties of rock density do not cover the same
range of scales as those of gravity or topography, they have also tended to support the
idea that various rock properties are scaling over wide ranges. For example, several
recent (1-D) studies (Leary 1997; Pilkington and Todoeschuck 1993; Shiomi et al.
1997; Marsan and Bean 1999) have shown the rock density in boreholes to be scal-
ing over the range ~2 m to ~1 km. The discovery of such empirical scalings have
encouraged Maus and Dimri (1995, 1996), Maus (1999) to explore the consequences
for the surface gravity implied by assuming self-similar (isotropic, unstratified) scal-
ing rock density fields; their basic result is 8, = B, + 2, where f,, is the exponent of
the 3-D isotropic rock density spectrum.

1.3 Anisotropic Scaling, Geomagnetism, Geogravity

The assumption of isotropic rock density statistics is quite unrealistic if only because
it contradicts the obvious fact of geological stratification. This anisotropy has been
noted and quantified for the magnetic susceptibility by Pilkington and Todoeschuck
(1995), and—more extensively—for various different physical properties (including
density) by Leary (1997, 2003) who compared the spectra of horizontal and vertical
boreholes. These authors (and recently Tchiguirinskaia (2002) for hydraulic conduc-
tivity in both the vertical and horizontal) made the important point that the scaling is
obeyed in both horizontal and vertical directions, but with different exponents in the
different directions. In Lovejoy and Schertzer (2007), we review these and other scal-
ing properties of intensive quantities such as rock density, magnetic susceptibility,
etc.

If the statistics in the horizontal and vertical directions are both scaling but dif-
ferent, then the overall system will be symmetric with respect to a scale change
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more general than isotropic reductions. The general formalism for handling scaling
transformations is Generalized Scale Invariance (GSI; Schertzer and Lovejoy 1985a,
1985b). GSI shows that scale invariance is a (nonclassical) dynamical symmetry prin-
ciple; as usual with symmetries, they are expected to hold in the absence of symmetry
breaking mechanisms. A generic consequence of wide range GSI scaling is the ex-
istence of fractal structures with multifractal statistics; these features have now been
reported in many areas of geophysics including the topography analyzed in Fig. 1
(Gagnon et al. 2003, 2006), and scaling has been proposed as a unifying paradigm
for geodynamics (Schertzer and Lovejoy 1991; Lovejoy and Schertzer 1998). These
papers also argued that the development of scaling models in geophysics has been
held back because of the all too frequent reduction of scaling to the isotropic special
case of self-similarity.

In a pair of papers (Lovejoy et al. 2001; Pecknold et al. 2001), we explicitly pro-
posed that the Earth’s magnetization (M) respects such an anisotropic scaling sym-
metry. Using potential theory and with the help of multifractal simulations of M and
the associated surface magnetic field (B), we explored the consequences for the B
field anomalies and the relationships between the M and B statistics. We have not
only been able to reconcile stratified, anisotropic M scaling with the surface B scal-
ing, but we have also showed that the anisotropy leads to a qualitatively new scaling
regime which could explain the intermediate scale (100-2000 km scale) surface B
statistics.

Our aim in this paper is to extend these results to gravity which—also being a
potential field—has several similarities. For example, as with magnetism, an impor-
tant success of anisotropic scaling models is evident at scales smaller than that of the
crust thickness. This is because the isotropic (self-similar) relation between gravity
and rock density spectral scaling exponents (8; = B, +2) is untenable, since regional
Bouguer gravity surveys have B, ~ 5 (see Sect. 3.2.2) whereas empirically, 8, ~ 1
(see Sect. 3.2.1). However, since we show theoretically that? Be=Bp + 1+ H; and
the rock spectra indicate the anisotropy exponent H, &~ 3, we will see that the small
scale gravity exponent is correctly predicted by the theory and the rock density expo-
nents.

Beyond these regional scales, the magnetism and gravity problems have important
differences. For example, below the Curie depth (which is above the crust-mantle
boundary), the magnetization vanishes whereas on the contrary, the corresponding
gravity field has a source in the convective mantle. Although our information on the
mantle density fluctuations is quite limited and indirect, a recent anisotropic scal-
ing theory of high Prandtl number convection (Sect. 3.3) predicts that over the range
from 20 to 23000 km the density should indeed respect anisotropic scaling (also
with H, = 3); we calculate the corresponding surface gravity statistics and compare
them to the global gravity spectra. An additional difference between magnetism and
gravity is that M does not appear to have a sharp discontinuity at the Curie depth so
that the horizontal variation in the cut-off depth does not seem to generate a strong
surface B anomaly. On the contrary, the density contrast at the crust-mantle bound-
ary is large and is best modeled as a discontinuity across a (multi) fractal surface.

2This formula is valid if Bp is the horizontal density exponent and H; > I; see Sect. 3.
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We do not consider scales larger than ~3000 km, so that we ignore core and possible
core-mantle boundary contributions. Although several of the present calculations are
similar to those in the magnetism problem, by making a small change in our scale
function ansatz, we are able to obtain many exact results and therefore can make
precise comparisons between the gravity theoretically predicted from the density ob-
servations/models, and both global and regional surface gravity surveys. Although a
full statistical characterization of the fields requires statistics of all orders for rela-
tive simplicity, we here limit ourselves to spectra (which are 2nd order). While for
quasi Gaussian (e.g. monofractal) models these spectral results fully characterize the
statistics, for multifractal models they only give a partial characterization.

This paper is structured as follows. In Sect. 2, we review the basic theory on
anisotropic scaling and relevant results of potential theory and derive the connections
between the second order rock density and surface gravity statistics (in both real and
Fourier space). In Sect. 3, we apply the results to the crust and develop a scaling
model of mantle convection as well as apply the result to the mantle and estimate the
contribution to surface gravity of a scaling mantle-crust interface/topography model.
In Sect. 4 we conclude.

2 Symmetries and the Relation between the Density and Gravity Fields

2.1 The Standard Density—Gravity Relations

In order to show how anisotropic scaling of the rock density field (o (r)) can lead to
a scale break in the surface gravity (g.) or gravitational potential (¢), first recall the
solution of the Poisson equation

1
g=-Vo:  $1)=G / o) dr’, 2.1)

|r —r/|

where G is the universal gravitational constant. The convolution in the above can
be regarded as a fractional integration of order 1; hence, if the problem (including
the surface boundary conditions) were isotropic, the relative orders of singularity of
the two fields (p, ¢) would be simply shifted by one, leading to simple relations be-
tween the multifractal statistics of the two fields. However, the boundary conditions
are clearly not isotropic, the classical assumption being that the rock is distributed
over a half-volume bounded at z = 0. This amounts to ignoring the topography> and
sphericity of the Earth. With this half-volume boundary condition, we obtain (e.g.,
Naidu 1968; Blakely 1995) the following particularly simple expression for the hori-
zontal Fourier transform of the surface gravity

o
§:(K)=2nG / p(K, e K dz;  z>0, (2.2)
0

3or, assuming that its effects can be removed/“corrected”.
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the horizontal wavevector is K = (ky, ky), K*> = |K|> =k + k2 and (K, 7) is the
horizontal Fourier transform of the density at depth z. We use the following conven-
tion for the D-dimensional Fourier transform pair f(k), f(x)

fio= / h fe™xdlyx;  fo)= / f@ectaPr,  (2.3)

(2 )D
and also the convention that z > 0 downward. Equation (2.2) shows that the con-
tributions of deep layers are exponentially attenuated. Defining the three-vector
k = (K, k;), a more convenient equivalent expression is obtained in terms of the 3-D
Fourier transforms o (K, k;)

g.(K) ZG/OO o(K, k;) dk; 2.4)
= LT — .
8 (& - o K +ik,’

If we now assume statistical translational invariance, then the various Fourier modes
are statistically independent (2.6) and the horizontal spectral density is easily ob-
tained by multiplying the above by the complex conjugate and ensemble averaging

Py (K, k;)dk;,

TRy 2.5)

P,(K) =227 G) /

(the additional factor of 2 comes from the contributions for k, < 0), and P,, P, are
the spectral densities of p, g,

(pRAK)) = Pr(k)S(k +K); (8:0&:(K)) = Py (k)8 (k + k). (2.6)

Note that here and below, the symbol “()” denotes ensemble (statistical) averaging.
We have used the symmetry f (k) = f *(—k) (complex conjugate) valid when f(x)
is real.

If we now assume horizontal statistical isotropy, then the horizontal spectral den-
sity is a function only of K, and we define the isotropic energy spectrum (E(K))
by

E(K)=2nKPy(K); K=IK|. 2.7

The isotropic spectrum E is usually used in the turbulence literature; in isotropic sys-
tems it has the advantage that (contrary to P) it is independent of the space dimension
(e.g., 1-D cross-sections will have the same E as for the full three-dimensional sys-
tem; this is not true for P).

2.2 Anisotropic Scaling

Up until the 1980s, scaling was restricted to isotropic systems with unique fractal
dimensions. Since then two generalizations have been important for geophysical ap-
plications: first, the treatment of statistics of all orders (not only second order), that
is, multiscaling/multifractality, and second, the extension to anisotropic differentially
stratified, and/or rotating systems, i.e., Generalized Scale Invariance (GSI, Schertzer
and Lovejoy 1985a, 1985b). In the following, for simplicity we pursue the second
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order statistics. Our results will be valid for both anisotropic fractal and multifractal
rock density models, although in the latter they will only provide a rather limited
characterization of the statistics.

In order to understand GSI, it is helpful to introduce the dimensionless “scale
function” || (X, z)|| which is the physically relevant notion of scale. The scale function
satisfies the functional scale equation

17X, 2| =27 (X, )] (2.8)
where T), is the scale changing operator
T =176 29)

and G is the generator. The scale function is analogous to a norm, but need not respect
the triangle inequality.*

In the special case where the statistics of the anisotropy independent of location
(but not of scale), G is a matrix (linear GSI) and there exist conjugate Fourier space
scale functions which satisfy

|70 K. 2 =2 [(K. 2)|

) (2.10)

where the “T” indicates the transpose (note the scale function in (2.10) is not gener-
ally the same as the real space counterpart which satisfies (2.8)).

If we have pure (scaling) stratification in the z direction, we may take the generator
to be diagonal (this leads to self-affine statistics)

1 0 0
G:GT:<O 1 0) (2.11)

0 0 H.

(the first two rows/columns refer to ky, ky, the last to k;), and an anisotropic spectral
density may be written

Py(K. k)= Po| (K. k)|, (2.12)

where s is the spectral density exponent and Py is a constant determining the ampli-
tude of the spectrum; if p is in Kgm™3, then Py is in KgZ m—>. A convenient, but not
unique, choice of ||(K, k;)|| is

K\H: o\ VH:
II(K,kz)H:((k—) +k—z) , (2.13)

where we have introduced a “sphero-wave number” k; at corresponding sphero-
scale [y = 27/ kg (note that K, kg, k; > 0). At this scale, P, (ks,0,0) = P,(0, k;,0) =
P,(0,0, k), ie., P, is roughly constant over a sphere; since |[(ky,0,0)| =
[1€0, kg, O)|| =|| (0,0, kg)|| = 1, horizontal and vertical fluctuations have the same

41t need only define a series of decreasing balls, i.e., if By =T B| then A’ > 1 = B, C By/.
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variance. Indeed, here and in the following, any scale function satisfying linear GSI

(i.e., including those in which G has off-diagonal elements, as long as its eigenvalues

are real’) will give essentially the same qualitative results (including for the gravity

spectrum) as those discussed here.

Using the sphero-scale as a reference scale, dimensional analysis gives

Py=Cp2l3 = Cp22n)’k; 3, (2.14)

where ,os2 is the density variance at the sphero-scale and C is a dimensionless constant

which depends on the exact definition of p; and of the unit ball.

2.3 Second Order Horizontal and Vertical Density Statistics. The Crust

The above choice of P, (2.15), (2.16) determines the second order horizontal and
vertical density statistics. The horizontal spectrum is

o0 2 1 K —Bx
E,(K)y=2mK | = Pp(K, k) dk: = Apxpiky | =]
0 S

Bx=(6—H,—1); (ifs> H;) (2.15)

(if s < H,, then there is a high wavenumber divergence; if we prevent the divergence
by using a finite high frequency cut-off, then g, = —1). Here and below, the dimen-
sionless constants will be denoted by A (spectral), B (real space), C (other) and can,
when necessary, be found by comparing the exact results in Tables 1, 2 with the corre-
sponding formulae in the text (see Appendices A, B, respectively). The corresponding
vertical spectrum is

kg
B:=(s—2)/H; (s>2) (2.16)

o 2, —1( k F
Ep(kz)=27T/0 Py(K,k)KdK = Ay pik; (_> ;

(if s < 2, then there is a high wave number divergence; using a finite high frequency
cut-off, we obtain 8, =0).

Although k; is the sphero-wave number as defined by the spectrum P,, we note
that

E,k,=k) TGOTCF)G — Hy)
E,(K=ky) 2HZT (57) ’

(2.17)

which is not exactly unity (for the empirical crust exponents, s = 5.3, H, = 3, we
obtain a ratio of 0.18; I" is the usual gamma function). This fact points to the inher-
ent inaccuracy of estimates of the sphero-scale obtained from 1-D spectra E (rather
than from the spectral density P). We also note that here the elliptical dimension

5The case of complex eigenvalues involves an infinite number of rotations of structures as the scale is
varied from 0 to oo; it is probably not relevant to the vertical stratification problem. See Pecknold et al.
(2001) for applications in surface magnetic anomaly mapping.

@ Springer



Math Geosci (2008) 40: 533-573

542

: (H z Y 1CH+7—9)
<5t B2 igygog = <Py g > ‘Q - 5 (10?20 =Py o0 = Py |+J p="7Ig
H 1) Lysop L e
_ 75 75
. At z Ew 3 NV\ 3
S1> XV ¢ S sg ~ (X V)P = (y)Pro%y proen
XV T o wiy oD%
, Sy 3
y<st AMVNDw\«,QAE =%
HH1—s—
P1 ¢ HvN Sy >198 8
>N H> s 3 D397 Py = ()%
Nm\w|
c—s 8 G\ Kyae13
$0_0E 2~ (xv)Is [<’Hy<Ky: 9y 0P8y = (y)%7 aovyIng
NXQN T :u% \y 20
1Y, sy u« g ¢ uonenjony
2 Jd Iy7 = Jar :
£>A «v Iy o\ )y srg e 79 (x0)?0T= ()7 fyrsuop
sy sy sy 2y pareigaur
AMVN@%NA@S@HGQS@ A «vévvm Axv Ameu«wQ¢AanngnAqu\m uwngo)
- ANL HI H/s+1
. 51 5 ) sy Nm:r?m .EoEP/
H<g-st AHV& Ig = (2v0'0)’s T<s: A Y 179 ETEREIR R = ()7 Ansuaq
—IAN\ﬂ H/(s—2) = N r:u 27)°D
¥ S = (0 o) 9 2 ¢ g Sy Sg ‘H—s oM — Jd EH.MONCOQ
v )2 =XV H<S: = )\ 2930 —— (x0)T°o = ()7 ysuaq
= H-$ HA1

Y v

SUOIOUNJ INJONIS

enoadg

SonsHEls 1SNID)

v xipuaddy 23s ‘(asn1d oy) 03 2[qedrjdde) | < ?f < s Junwnsse se[nuio) A)1AeIS pue A)ISuop SNOLIBA Jo uosiiedwod | J[qeL,

pringer

A's



543

Math Geosci (2008) 40: 533-573

g 2y g ¢ 2)d7(¥0) .
AMYAN - QLA . Vwoo \ZH 2y e(XOTHO = 29g ¢ + =u)g="H
[
V) Proad NM % 1093
1K< XV |mo:2 SySdg uy | ) & (0 X V)P s = (Pg prosn
Y ¢ ona

o2y = (NP7

122 90UR)SIP UOTBNUIIUOD PIEMUMOD

YL Y Lo NI D20y T = ()P
z 4 5 Mw« Kyaea3
SIL XV AAS + A 5 vwo_v&_\,éw?svsuN =XV Y>>y A vwo_ T = (% aoeyng

T XV oy NQNU (x)"“o¥
6\ Rk E« sy u T, uonemdny
oy =31 (5 ¥, 030, () = () 9q fypsusp
_ sy w 5 pajeaSayur
A v:\ <y T - \v h\v 20, (g oy = ()7 uumjo)
e\ 2y bl
2y sy iy g 2ry L [BOTLIOA
51KV ¢ A S Y%@LS 0°0)%% A vT«N A| - _VLA_ - = al 55— )00 = (n*g “Asuaq
L AN 1—2H/T 2y 4 4 H—T
XV [eyuoZLIoY
AR A 5 v&swwmm 0xXV)% >y A «vmoEN 139 (1) DT~ ()94 “Asuaq
[4

SUOTIOUNY AINJONIS

enoadg

SONSTIBIS APUBIA

€ = 27 9y} ‘[opow dpyuew oY) 10, *g X1puaddy 99s ‘[opowW UOTIOIAUOD dIULUI I}
0} Surpuodsa110d mq = (00 ‘0)™“?y yey) yons pauyep se ¢ pue Sy Je Fo-Ino JqUINU dAeM Y31y [enuduodxe Ue Yiim Z = § 10 SB[NULIO) SNOLIEA JO uosLedwod v g dqeL

pringer

A's



544 Math Geosci (2008) 40: 533-573

characterizing the rate of increase in volumes of typical structures® is dej = 2 + H..
When H; = 1, we obtain the isotropic value d¢] = 3, with the corresponding isotropic
relation between exponents: 8, = B, =5 — 2.

It will also be convenient to express the statistics in real space via the correlation
function (R) and structure functions (). For statistically horizontally homogeneous
systems these are defined by

R(Ax) =(f () f(x + Ax)),

5 (2.18)
S(Ax) =((f @) — f(x + Ax))") =2(R(0) — R(Ax)).
From the Wiener—Khintchin theorem we have
__ = ik-Ax D).
R = 55 /_ PRk
(2.19)

S(Ax) = (273)1) /Oo P(k)(1 — e&25) 4Py

—00

For the models discussed here, which are anisotropic in the vertical plane but isotropic
in the horizontal, we have

R(0,0, Az) = % / Cos(k: A2 E (k.) dk.:
, ° (2.20a)
S(0,0, Az) = - / (1 — Cos(k.Az))E (k;) dk-,
0
R(AX, 0)=L/ E(K)Jo(KAX)dK;
@2n)? Jo
(2.20b)

S(AX,0)= 2/00(1 —Jo(KAX))E(K)dK,
0

where AX = (Ax, Ay) is a horizontal vector; AX = |AX]| is the 2-D modulus and
Jo is the Oth order Bessel function.

Equations (2.15) and (2.16) have been derived by assuming that the scaling of P
is respected for all K, k,; see Appendix A for the effect of finite cut-offs (necessary,
in particular, to account for the finite crust thickness). The constants Ay, A,; have
been chosen so that ,03 is the (horizontal) sphero-scale density fluctuation variance
(structure function)

—1
S _ 2 AX\P .
w(AX,0) = p; 7 ;s> Hy,
* 221
Az\P!
Sp(0,0,Az)zszpf(l—) . s>H, +2,
S

6This type of spectrum was first proposed in the atmosphere Schertzer and Lovejoy (1985a) where the
values By = 5/3, B; ~ 11/5 (hence, de] = 23/9 =2.555...) were derived from dimensional analysis and
confirmed by observation.
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i.e., by definition of py, S,(l;,0,0) = psz. Note that rather than defining the sphero-
scale via the Fourier space kg using /; = 27/ kg, one could define the sphero-scale in
real space (/,5) using, for example, S, (s, 0,0) = S, (0, l,5,0) = 5,(0,0, [,5). Since
B, is of order unity, the difference will generally not be large. However, if the B’s
are close enough to one (as is apparently the case in the crust), the difference can
be large, see Appendix A. Here and throughout, we use the Fourier space definition
Iy =2m/ks.

2.4 Second Order Horizontal and Vertical Density Statistics. The Mantle

The mantle model is discussed in Sect. 3.3, the spectrum is of the same general form
as that discussed for the crust; hence, it is appropriate to discuss the corresponding
gravity formulae here. Although the mantle and the crust formulae share the same
basic anisotropic scaling form, there are nevertheless significant differences. For ex-
ample, for the mantle s = H, (= 3), whereas for the crust s > H. This is significant,
since when s = H there must be a high wavenumber cut-off at the sphero-scale to
assure convergence of the horizontal spectra, i.e., formula (2.15) is only valid for
K, k; < ks. Physically, the convection model upon which the density scaling law is
based breaks down for these scales, the corresponding Peclet number is less than one,
convection becomes ineffective. The necessity of a large wavenumber cut-off poses
a technical problem: What is the most realistic/and or mathematically tractable cut-
off? A related problem is the definition of the sphero-scale fluctuation variance ,osz.
The model choices made in dealing with these issues are considered in Appendix B;
they will alter the constants in the following by a factor of order unity (comparison
of various models indicates that the factors may be as large as 4).
In the special case s = H,, we have

ks \ 2
E,(K)~ Apyplk;°K 1og<E*> . k< ks, (2.22a)
o\ 2/ Ha 1
Ep(k;) ~ A 2k‘<—z> k. <k (2.22b)
p\z leOs s k ) ¥4 S .
S
Similarly, in real space
! 2
R,(AX,0) ~ BpxP?(ﬁ) . Ax >, (2.23a)
1\ 2/H:

(for the mantle, put H, = 3 in the above). The correlation (rather than structure)
function is used, since the corresponding spectrum is an increasing function of hori-
zontal wave number up to the cut-off so that R rather than S is a pure power law (see
(2.19) for the relation between them). Following the discussion in Appendix B, the
optimum choice is the exponential cut-off model with the definition of p; such that
R,(0,0,0) = ,osz; these choices were used in determining the theoretical constants in
Table 2.
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2.5 Symmetries, Symmetry Breaking, and the Gravity Statistics

We have seen that the gravitational potential ¢ is the convolution denoted “x” of
density p with the Green’s function |r|~!

¢ x p * L (2.24)

|7

(2.1); however, the Green’s function is symmetric with respect to scale changes with

isotropic generator G =1

1 1 1 00

A——G:A_; G=(0 1 0]). (2.25)
| rl |7 0 0 1

The result is that ¢ has broken symmetry. A direct calculation of the horizontal spec-
trum of the vertical component of gravity (with low frequency cut-off; k) gives

*® P,(K,k;)dk o0 dk
E¢(K) = 2(271)3G2K/ "(72)22 = 2(27r)3G2K/ -
0o &, k)l 0 1K k)IPIIK, kI
o0 dk
=22n)°G*K / < ) (2.26)
0 (K2 + kDK k) + (ke k) 1T
We now consider in turn the two cases s % H,, s = H;.
(1) s > H;. For the crust (s > H,, no high frequency cut-off) this yields
K\ B
_ 2,32 &
Eg(K)_AgCthskS G <k ) o K>k,
: (2.27)

27 -3~2 K h
Eg(K):Agclpsk; G (k_) , K <k,
S
i.e., there are two distinct regimes with high and low wavenumber exponents fy,,
B given by

Bi=s+1—H, s>H,
Bi=s/H,, H;>s>1, (2.28a)
Bn=s, H,>1.

This result shows that the incompatibility of the anisotropic scaling of the density
with the isotropic scaling of the gravitational Green’s function produces a break
at the sphero-scale.

The corresponding formulae for H, < 1 are

Bi=s—2,
BPn=s—-3+H;, s>H, (2.28b)
Bn=2/H,—2, s<H,,

From (2.28a, 2.28b) we see that if s > H, then, for any H;, B, — i = H; — 1.
However, we shall see that the empirical rock density spectra constrain s > 1 and
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(i)

from Fig. 1 we see that all of the transitions have 8, — f; > 1; so that anisotropic
scaling with H, < 1 cannot explain them. In addition, we will see that the em-
pirical evidence is fairly clear that 8, > B, for various rock properties including
density, implying H, > 1 (see also the survey Lovejoy and Schertzer (2007). Fi-
nal evidence that H; > 1 is that B, & 5, so that H; < 1 would imply (2.28b) that
s ~ 8, By, B; > 6 which are much too large. In what follows, we shall concentrate
on the parameter range H,; > 1 (in particular, the values s = 5.3, H, =3 give a
reasonable fit to the high wavenumber rock and gravity spectra). Note that for
s > H; > 1, we have B = B, + 2 which provides a strong constraint on models,
since the mantle regime ((*3000 km)~! <k < (=200 km)~!), has Beg ~ 0, and
Bpx ~ 1. This rules out a simple linear GSI model for the crust/mantle transition.
Finally, when H, =1 (isotropy), we recover the standard result 8; = f, = s =
Bpx +2=Pp; +2.

H; = s. For the mantle (s = H, = 3), we obtain

N G*pi (ks
Eg(K) ~ Agmx,lkg—K log E i K <k, (2.29a)
Eo(K) = Agmx nGksp2 K™ K > ks. (2.29b)

Note that this formula ignores the downward continuation factor e ~2K% neces-
sary to take into account the fact that the mantle is at a depth z. below the crust.
The corresponding real space results are given in Table 2 and in Appendix B.

It is also of interest to calculate the corresponding formulae for the geoid. The
relation of the geoid and gravity spectra is

Ey(K)
g7k?

Egeoid(K) = (2.30)

Corresponding formulae are given in Tables 1, 2 and Appendices A, B.

We have already noted that breaks in the gravity spectra introduced by the
anisotropy of the rock density scaling cannot by themselves explain the shape of
the gravity spectrum (Fig. 1) if only because the latter has two breaks. Since the
effect of low wave number cut-off is not trivial, and an understanding is helpful
in evaluating this and other (more realistic) models discussed in Sect. 3, we give
details of the effect of a cut-off in Appendix A.

3 Scaling Models of the Density of the Crust, Mantle, Topography, and
Interface

3.1

Discussion

In modeling the density of the crust-mantle system, we will need hypotheses about
the topography, the crust-mantle spatial correlations and the nature of their interface;
the latter being important because of the large (typically, ~400 Kg m~>) crust-mantle
density contrast. Because of isostatic equilibrium, the crust-mantle interface and the
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topography contributions are intimately connected; (see Sect. 3.4). The spatial corre-
lations between the crust and the mantle are most simply dealt with by considering
them to be statistically independent systems. Physically, the most unrealistic conse-
quence of this neglect of mantle “roots” of crustal structures is that it implies a strong
statistical discontinuity in structure at the interface; however, since the interface will
be treated as a (statistically independent) fractal discontinuity surface, this lack of
statistical crust-mantle continuity may be less significant.

This model leads to the following equation (c.f. (2.2)) for the surface Fourier trans-
form

Im—2Zc

Zc
.(K) = / Po(K, e~ K dz + oK f pnK. e Kdz, 220, (3.1
0 0

[TPRIINTS

where crust and mantle parts are indicated with indices “c”, “m”, the crustal region
is down to depth z., and the mantle between z. and z,. With the assumption of
statistical independence of the crust and mantle (but also of Fourier components,
(2.6)), we obtain

® [P(K, k) + e 2K Py (K, k)]
dk,
K2+ k2

Po(K) = (1g:) ~ /

k.
_ ¢ Pu(K, k)
2Kz, mi\_o g
02Kz /k ey dk;, (3.2)

where the factor e~X%¢ takes into account the fact that the mantle layer starts at a
depth z., not at z = 0 and where we have more convenient step-function Fourier
space cut-offs: k. ~ 1/|z¢|, km = 1/|zm — z¢| = 1/|zm| (i-€., take z,; > z.). Equation
(3.2) shows how the crust and mantle contributions to the surface gravity may be
combined.

3.2 The Crust
3.2.1 Empirical Estimates of Model Parameters

Unfortunately, very few data exist on spectral exponents for the rock density. Leary
(1997) has probably the most extensive analyses with both horizontal and verti-
cal spectra from similar regions. Due to strong (presumably multifractal) intermit-
tency/variability (see Marsan and Bean 1999; Pecknold et al. 2001) individual bore-
holes have a fair amount of spectral variability (recall that the spectrum is an en-
semble averaged quantity; the scaling is almost surely violated on every individual
realization).
Before proceeding, it is useful to invert the relations (2.15)—(2.16) to obtain

H. = B =1 (3.3)

B.—1D’

which is a convenient formula for estimating H, from spectra.
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The difficulty in estimating H, (and the sphero-scale) is that Leary’s results give
roughly B, ~ 1, By &~ 1; his precise analysis of 45 spectra (30 vertical, 15 horizon-
tal) yields B, = 1.1 £0.12, B, &~ 1.34 £ 0.12, yielding H, ~ 3 (the nearest integer).
A comparable value (H; ~ 2-3) was obtained for the magnetization (M) (Lovejoy
et al. 2001; Pecknold et al. 2001); in obvious notation, if H;y = H;, and sy = s,
then a statistical version of Poisson’s relation may hold.” The spectrum from the
much longer KTB borehole yields: 8; &~ 1.2 Lovejoy and Schertzer (2007); similarly,
Shiomi et al. (1997) obtains 8, =~ 1.1-1.3 for sedimentary, 8, ~ 1.3-1.6 for volcanic
rock. Finally, we should note that Leary also gives nearly identical values for the ex-
ponents for gamma decay and sound velocity; this supports the idea that the value
of H; (and hence d) may be the same for different physical properties and hence
supports the notion that it may be a fundamental characteristic of the geological strat-
ification.

The poor estimates of H; (due to their small horizontal/vertical difference) lead
to great uncertainty in estimating the sphero-scale. It can be roughly estimated using
Leary’s spectra (which are over the range ~1-103 m), by extrapolating the horizon-
tal and vertical spectra to their crossing point (although he gives exponents for 45
spectra, he only shows a single horizontal and a single vertical density spectrum). For
the above exponents, this gives a crude estimate of the sphero-scale to be® ~100 km,
but this value is very sensitive to the exact values of B, §;. In order to improve
the reliability of this estimate and to use Shiomi’s (vertical only) density spectra,
we first graphically estimated the prefactors in the formulae E,(k;) ~ Eozk; L
E,(K)~ Eoy K —1.3. these are shown in the table below where the units are rad m~!
for k, Kg? m™ for E (Shiomi obtained an exponent of 1.27, but this is not too dif-
ferent from the 1.1 value from Leary). Shiomi normalized his densities by an un-
known mean; from the graph of his borehole data, we estimated a mean density of
po=2.5x 10> Kgm™3, and used his graph to estimate the Eqp; in Table 3.

The second step in obtaining a reliable estimate of p;, kg, was to use the DNAG
Bouguer gravity data (Fig. 2). These anomalies were from 8 continental regions
in North America; the compilations were made for the Decade of North Ameri-
can Geology (DNAG); resolution ~5 km, 1024 x 1024 pixels. We note that the
high wave number regime, down to 10~% radm™' or so, is fairly linear on a log-
log plot with slope s ~ 5.3 as predicted by the high frequency gravity (approxi-
mately given by E,(K) = Chpszks_3G2(%)_s). In this power law regime, we esti-
mate E,(K) ~ EogK > with Egy = 3.0 x 10723, Using this high wave number
gravity formula, this leads to p2k>> = 2.0 x 10~ which can then be used as a con-
straint in the density spectrum (which also depends on kg, ps, see (2.15), (2.16)).
Unfortunately, due to the low wavenumber cut-off, these theoretical formulae are

TPoisson’s relation is between magnetic and pseudo-gravity potentials and should not be confused with
Poisson’s equation. More precisely, if M has a constant direction and is everywhere proportional to p then
both Poisson’s relation and H,js = Hzp and s); = s, follow. However, the latter does not necessarily
imply the former.

8For comparison for gamma emission, we obtain ~1 m, whereas for the velocity we find ~1 km, but
these are all quite inaccurate. In addition, for magnetic susceptibility, Lovejoy et al. (2001) estimate a
sphero-scale at ~10%-10° km.
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Table 3 A comparison of various parameters estimated for the density field using the constraint from the
DNAG gravity that E¢ (K = 1074 radm™1) =5 x 107* m3 (and crust thickness = 80 km, but the result
is not too sensitive to this, see Fig. 2)

Eo® ks (radm™1) Iy (km)  pg (Kgm™3)  pgls (Kgm™2)
Shiomi et al. (1997)* (vertical) ~ 1.17 x 104+ 10749 250 233 5.8 x 107
Leary (1997) (vertical) 1.92x 10* 10747 310 300 9.5 x 107
Leary (horizontal) 23 % 103 1043 125 113 1.4 x 107
Overall 1045 250 215 5.4 x 107

4For the Shiomi relative density fluctuations, we assumed a mean density p, = 2.5 x 103 Kg m—3

YThese values assume E = Eok*ﬂ with 8 = Bx = 1.3 (horizontal), 8 = 8; = 1.1 (vertical), and units of k

in rad m_l, units of E in ng m™>

LogyEq(K) m?

-4 -35 -3

Log,,K rad m-

Fig. 2 A comparison of the crust model thickness 10, 20, 40, 80, 160 km with the DNAG spec-
trum (from North American continental Bouguer data over an area ~5000 km across). The parameters
ps =215 Kg m™3, Iy = 250 km have been adjust to fit the function at K = 10~4 radm™!, 80 km thick,
and the Shiomi and Leary borehole density data as above. The latter curve agrees well with the gravity
data up to log|y K &~ —4.5, i.e., up to about 200 km. The model low wave number slope is +1, the high
wave number slope —s = —f;, = —s = —5.3 (the intermediate wave number regime discussed in the text
is not visible since k¢ > kg)

not too precise. However, numerics (assuming the crust thickness in the range 40—
160 km, see Fig. 2 for the limited dependence on k.) give the solutions in Table 3
for kg, ps the overall “best” values being p; =215 Kg m3, = 21/ kg =250 km,
Lips = 5.4 x 107 Kg m~2. The fact that k, < k, (the crust cut-off) means that p;
cannot be interpreted as the actual sphero-scale variance; it is simply a dimensional
parameter. In passing, we may note that the assumption of self-similar rock scaling
(H; = 1) is untenable, since the DNAG estimate s = 5 for the surface gravity expo-
nent would imply B, = B, =5 — 2 = 3 which is much to steep to be compatible with
the borehole data; indeed, the difference is so large that we can probably safely rule
out the use of self-similar models in explaining the high wave number surface gravity
variability.
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3.2.2 Crust Density and Gravity Spectra, Structure Functions (<300 km)

Figure 2 shows that with these parameters the measured horizontal and vertical rock
density statistics up to scales of a kilometer can be extrapolated up to vertical scales
comparable to the crust thickness and horizontal scales of at least the order of sev-
eral hundred kilometers without contradicting the surface gravity spectra. We argue
in Sect. 3.4 that the breakdown at the larger horizontal scales is due to the large con-
tribution from the fractal crust-mantle boundary which dominates for scales >100—
300 km rather than because of a break in the horizontal scaling of the rock densities.
Indeed, since the crust contribution to surface gravity falls off at low wave numbers
with By = —1 (see Fig. 2), the crust contribution to the spectrum rapidly becomes
smaller than the contribution from the crust-mantle interface or mantle. From the
gravity spectrum alone, we cannot rule out the possibility that the horizontal crust
density scaling continues up to planetary scales. Using these parameters, we can nu-
merically calculate the crust statistics; these are shown in Figs. 3a—d.

3.3 The Mantle
3.3.1 Theoretical Statistics Far from Boundaries

The basic starting point is the consideration of very large (most often considered
infinite) Prandtl number convection (Pr = v/k = viscosity/diffusivity; typical val-
ues for the mantle yield 10>%). This implies that inertial terms are totally negligible
(e.g., the Reynolds number Re = vL /v ~ 10~!? for typical values L =3 x 10 m,
v =10"8 m/s, v =3 x 107 m?s~!). The standard approach to mantle convection
concentrates on either a) the boundary layer where most of the temperature drop
occurs; one nondimensionalizes the equations with typical external lengths, temper-
ature gradients, etc., or b) the linearized nondimensional equations which are used
to estimate the critical Rayleigh number (Ra) for the onset of convection (the latter
is typically estimated at 1000-2000; however, the Ra for the entire Mantle is proba-
bly >10° so that chaotic behavior (as found in high resolution numerical models) is
expected.

Lovejoy et al. (2005) describe a turbulence-type approach which is expected to be
valid far from boundaries within high Prandtl number convection with quasi-constant
heat flux. The basic argument is that if we are interested in the statistics in the interior
mantle region far from boundaries, then the type of statistics should not depend on the
outer boundaries; our approach is analogous to that used to obtain the Kolmogorov
spectrum in fully developed turbulence (the latter is also expected to be insensitive
to the nature of the forcing and boundaries). The most satisfying way to derive the
Mantle convection scaling laws is to start from the basic convection equations for the
fluctuations around the conductive solutions (see, e.g., Busse 1989)

V.u=0 TIncompressibility, (34

a v
vl<—Z +u- Vg) - P + Vzg— gav*IT
at V0, =

@ Springer



552

Math Geosci (2008) 40: 533-573

Fig. 3 (a) Horizontal density
spectrum with crust thickness
27/ ke = 10, 20, 40, 80, 160 km,
Iy =2.5 x 10° m,

ps =215 Kgm—3. The
maximum is proportional to
(ke/ks)175/HD) ; see

Appendix A. (b) Horizontal
density structure function
Sp(Ax) showing the variance of
the density fluctuations as a
function of separation distance
Ax. The curves are for crust
thickness 10, 20, 40, 80,

160 km, [y =2.5 x 10° m,

ps =250 Kgm™3. The
maximum is
w(kc/ks)(1+(2*3)/H2), see
Appendix A: at 80 km it is about
(160 Kg m*3)2. (¢) The surface
gravity structure function
corresponding to (b) for

Iy =2.5x 10° m,

ps =215 Kgm*3 and
lithosphere thickness 10, 20, 40,
80, 160 km. Sg = 10710 m?s—*
corresponds to 1 (mGa])z.

(d) The horizontal gravity
spectra corresponding to

5 =2.5x10° m,

ps =215 Kgm™2 and
lithosphere thickness 10, 20, 40,
80, 160 km

LogoE, (K) KgZzm-S

95 ¢
9t
85}
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75 |

65

-4 =3
Log,,K rad m-!

Log;,S,(Ax) Kg? m6

44

43 ¢t

42t

4.1t

7 35 4 a5 5 55 6
Logip Ax m
(b)
Log;S, (Ax) m? s
=7}
=8|

Velocity equation (Boussinesq approx.), 3.5
oT V-H J v
—4+u- VT =———= + = Q Temperature equation, 3.6)
ot CpPo CpPo  KCppPy
H = —«pycpVT + Q7 Heat diffusion equation, 3.7
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Fig. 3 (Continued) Log,E,(K) m® s+

-65 -55 -5 =45 -4 =35 -3
Log,oK rad m-!

(d)

T, p are, respectively, the temperature and pressure differences with respect to a ref-
erence temperature and pressure (the solutions of the static equations), H is the heat
flux, J is a volume heat source. We now ignore J with respect to the heat originating
in the core, and take a typical value of (H), = Q, the vertical heat flux imposed by
the bottom heating, top cooling. The v, term in the Temperature equation arises be-
cause of the use of fluctuating 7', as does the QZ term in the Heat diffusion equation
(Q7 is the vertical unit vector). Consider first the velocity equations (3.4), (3.5). Due
to the very low Reynold’s number we take Du/Dt ~ 0 (“D/Dt” is the advective
derivative). In addition, as usual the role of the pressure term is simply to maintain
the incompressibility condition. Therefore, (3.5) depends only on the dimensionless
combination £¥.

Considering the temperature equation, various arguments show that with the as-
sumption on the imposed vertical heat flux boundary condition, that the main varia-
tions are in the z direction, i.e.,

aT 1 d(H),

V,— N ——

3.8
ey (3.8)

Integrating over a layer and using a typical value of (H), = Q, this implies that only

the combination of variables o, enters into the problem. Finally, we can note that
4
the heat conductivity equation only contains the dimensionless combination k¢, 0.
o .
gT? C]%)O s KCPpO’
since there are also three fundamental dimensions (temperature, distance, time), we
obtain the unique dimensional quantities:

I~ ,ooc‘,,wc2 174
s gaQ ’

1/2
Ty & (M) , (3.9)
Qga

5 03 1/4
Iy~ 3.3 .2 :
8apy K

We thus see that the dynamics depend on the three combinations:
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From these, we may derive a characteristic density and velocity

(0
Ps = Pl Lg gchz s (3.10)

vy =1l /7.

The significance of these numbers can be seen by considering the fluctuation Peclet
number Pe = IA% for fluctuations at scale I, velocity vs. This dimensionless group
characterizes the typical ratio of the dynamic heat transport terms to the heat diffusion
terms. Using the above dimensional quantities, we obtain

Pe:lsjzl, (3.11)

K
i.e., for scales smaller than [, the heat transport is dominated by conduction, convec-
tion can be neglected, [/ is, therefore, the inner scale of the convection regime. We
have used the subscripts “s” in anticipation of the fact that the inner scale is also a
sphero-scale (see below).

Before continuing, we can note that using standard empirical estimates for the var-
ious parameters, we obtain quite reasonable values for [, vy, ps. In the final column,
we give the combination pgl; = (D"Z"T,Qv)l/ 2, since according to (2.29a) (ignoring log
corrections) this is the quantity that determines the mantle contribution to the surface
gravity: To obtain the behavior of the statistics, we must perform a more detailed
analysis of the equations. This may be done by considering the horizontal and verti-
cal extent of convective plumes. In particular, it is possible to obtain two fundamen-
tal empirical laws relating the horizontal and vertical extent of laboratory generated
plumes (C. Jaupard, private communication). If these laws are applied to an ensemble
of plumes, the following anisotropic scaling results

Ax\! Az\7'P
AT(AO)=T( =) . AT@A=T(7) .

N N

Ax\! Az\ 3
Av(Ax) = v 7 ) Av(AZ) = v T ,
s )

the density fluctuations may be obtained by multiplying the temperature equations
by ap,. These equations justify the interpretation of /; as the sphero-scale of the con-
vection. Comparing this with (2.23), we see that s = H, = 3. Physically, the decrease
of temperature differences for points increasingly separated points (the negative ex-
ponents) seems reasonable, since it reflects the ability of the convection to better
uniformize the temperatures over larger distances.

(3.12)

3.3.2 Mantle Parameters: Density, Gravity, Spectra, Structure Functions (>100 km)

We may see that (3.12) predict reasonable typical external velocities and temper—

atures. Taking the following values from Table 4, Ty = 375 K, p; = 30 Kg m—3

and Iy =20 km, vy =2 mm/yr, and defining A as the scale ratio A = l , Where
~ 3000 km is the thickness of the mantle and /; = 20 km, we obtain A= 150,
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so that the typical temperature, velocity, density horizontal and vertical fluctuations
with Ax = Az = 3000 km are

AT(Ax)=T,a "' ~2.5K; AT (Az) =T,a "B~ 70K,
Av(Ax) = vgh =45 cm/yr; Av(Az) = vAl3 ~ 1.5 cmlyr, (3.13)
Ap(Ax) = psr~ 1 ~0.5K; Ap(Az) = psh 13~ 6 K.

This shows that at large enough scales, the free convection zone far from boundaries
is indeed nearly isothermal (these values are fluctuations with respect to the static
diffusive solutions of the equations). The typical vertical velocity horizontal shear of
45 cm/yr is also a rough estimate of the horizontal advection velocity at the top. Fi-
nally, we can consider the Rayleigh number (Ra) which must be high for convection.
We obtain

a (3.14)

_gaATAz3 ([ Az 8/3
O wk N ’

I

Using the largest scale Az = 3000 km, /; = 20 km, we obtain Ra ~ 10° which is
comparable to but a little smaller than other estimates (see, e.g., the review in Jarvis
and Pelletier 1989 where values 7 x 106 x 107 are suggested depending on the
exact specification of the boundary conditions).

We can now use these values to calculate the second order surface gravity statis-
tics; the main additional assumptions that are needed concern the details of the high
wave number convection cut-off (these details are discussed in Appendix B and imply
uncertainties of a factor of four or so). All the following mantle calculations use an
exponential cut-off at the sphero-scale defined in real space at [; = 20 km as the value
for which R(lg,0,0) = pf. The upper bounds of the mantle are considered to be flat,
lying directly underneath the crust (only the mantle contribution is shown); down-
ward continuation to this depth is used; see Figs. 4a, b for the effect of varying depths
to the top of the mantle. An additional assumption affecting the low wave number
behavior is necessary at the lower bounds of the mantle. Since there is additional
variability in the core, putting a drastic truncation at the wave number corresponding
to the bottom of the mantle k,,, would underestimate the true variability; hence, a cut-
off corresponding to 6000 km rather than 3000 km was used. As seen in Fig. 5, this
difference is only noticeable at the lowest wavenumbers.

The surface gravity field provides one of few ways of empirically testing the
model; we therefore compared the theoretical predictions with both the global and
DNAG spectra (Fig. 5). With the optimum parameters (Table 4), the figure shows that
the contribution of the mantle to the surface gravity spectrum is barely discernable.
However, in the next section we see that out to about log;( K ~ —5.7 (i.e., 3000 km)
that the surface gravity can be explained quite adequately by a fractal mantle-crust
density discontinuity, so that this result is not surprising. Indeed, had the model pre-
dicted an effect larger even for a factor of only 4 or so, then the absence of a clear
signature would have been difficult to explain. We should note that these conclusions
are for ensemble averaged effects only; we may expect local regions to have some-
what larger mantle contributions to surface gravity, in these regions, a mantle gravity
signature may be visible.
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Fig. 4 (a) Mantle gravity LogoE, (K) m3 s+

spectrum the curves correspond . . .
to downward continuations of -0 =5 -4 -3
10, 20, 40, 80, 160 km (right to =2 Log,oK rad m-
left), I =20 km,

ps =30 Kg m™3. Mantle —al

thickness is 6000 km, so as to
partially account for the core.
(b) Mantle gravity structure
functions, /g = 20 km,

ps =30 Kg m73, the curves
correspond to downward
continuations of 10,20,40,80, ~ —10 f
160 km (top to bottom)

(a)

Log.,S, (Ax) m? g4

_HE : ; ///f——::

35 i 6 65
=10 Logg AX m

(b)

Log1oE, (K) m3 g4
1

\ Log,,K rad m-!

-55 -5 -45 -4

s

-4

Fig. 5 Global and DNAG gravity (the bottom, top empirical curves, respectively), the thin theoretical
curves are for the optimum estimates pgly = 6 x 10%; the thick continuous curves are the corresponding
curves for double this: pgly = 1.2 x 10%. In each case, the upper curve is for mantle thickness 6000 km
(to avoid an artificial drastic low wave number truncation), the lower for 3000 km. All four model curves
assume a downward continuation of 80 km
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Fig. 6 Above: comparison of LogyoE, (K) m?s+
the global gravity spectrum
(magenta), with that simulated |
from the global topography "u,l
(blue) using the parameter L
Apzh3x? =2.1x10"7 Kgm~2, A
Putting in Apy,;, = Yo
4% 102 Kgm—3, ho = 100 km, 15 bl
we obtain x = 11. The global |
gravity and that simulated from
the topography agree over the
range of 300-3000 km

-1

LogyK rad m-!

3.4 Topography and the Crust/Mantle Interface Regime (*~300-3000 km)

Up until now, we have considered the Earth’s surface as well as the mantle-crust
boundary to be flat. However, Fig. 1 showed clearly that the topography is on the
contrary scaling up to planetary scales, in addition processes of isostatic equilibrium
imply that the variations in high wave number surface topography are associated with
particularly deep “roots” (mantle-crust boundary depths). This suggests that we can
use the observed surface topography as a statistical surrogate for the overall crust
thickness if we assume that on average, the two are related by a numerical factor x.
The following derivation corresponds thus to the Airy model of isostatic equilibrium.

In order to determine the implications of varying crust thickness for the surface
gravity, consider a crust with thickness varying as h(R) where R = (x, y) is a sur-
face position vector. This thickness takes into account the entire thickness of the crust
(including the topography), except that all the corresponding mass is considered to re-
side in a column of uniform density p(R’, z), and the top of the column is z = 0. The
typical crust/mantle density contrast Ap,, = p, — pe is about 400 Kgm—3 (=3300—
2900). This uniform density approximation should not be too bad for scales compa-
rable to or larger than the thickness. If we assume that the “roots” of the topography
are y times larger, then we have

h'(R) = xhi(R), (3.15)

where 4, is the altitude of the topography. Using this model (see Appendix D), we
obtain:

Eo(K) ~ G*Apihgx*En (K)K* K <1/H, (3.16)

i.e., in this range, Ej, (K) o Egeoid(K) (see (2.34)). ho represents a mean crust
thickness about which the topography with “roots” represents a fluctuating part and
H > hg is the thickest part of the crust encountered. Since K ~ (1 — exp(hoK))
(see (2.2)), this formula is essentially the small K limit of a layer thickness hg; we
have ignored the flexural rigidity of the crust which—if fixed—would break the scal-
ing; presumably a scaling rigidity model is required which is beyond our scope.

We can test out the implications of the above by comparing E, with K 2Ep, . If
the latter is multiplied by the factor 2.1 x 10!7 G? we obtain the excellent agreement
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indicated below over the range 300-3000 km. If 49 = 100 km, this implies y = 11
which seems reasonable (see Fig. 6). We therefore conclude that such a fractal crust-
mantle discontinuity surface can reasonably account for the surface gravity field all
the way up to several thousand kilometers in scale.

3.5 Buoyancy Forces

One of the interesting properties of scaling models is the very long range of the
implied correlations. In particular, fluctuations of column-integrated densities can be
much larger than one would expect from classical (non scaling, Markov process type)
statistical models. Horizontal variations in column integrated density will give rise to
buoyancy forces; if these are large enough they could play a significant dynamical
role. In Appendix C, we also obtain an analytic approximation to the maximum vari-
ance of the difference in column integrated densities. Using the empirical values of
the constants (with z. = 80 km), we estimate that for the crust the maximum stan-
dard deviation is the equivalent of about 100 m of rock (this occurs for distances of
about Ax = 170 km). The corresponding numerically determined spectra and struc-
ture functions are shown in Figs. 7a, b. This is substantially smaller than the observed
topographic variations, and is not likely to be an important effect. However a simi-
lar calculation for the mantle gives a much larger effect because of the much greater
mantle thickness; in this case we estimate the maximum buoyancy force to be the
equivalent of ~1.5 km of rock (Figs. 7c, d). Since extremes may be several times
larger (especially, since due to the likely multifractal nature of the density, we expect
long or fat-tailed probability distributions), this may imply a direct role for man-
tle convection in orogenesis. Indeed, particularly large fluctuations—perhaps several
times this value-might explain volcanic “hot spots”.

4 Conclusions

The recently published high resolution spectrum of the Earth’s geoid shows two
breaks in the scaling at distances of roughly 3000 km and 100-200 km. The first clue
to modeling the corresponding surface gravity field is to note that the contribution to
the spectrum at horizontal wave number K decays exponentially with the depth of the
source. These breaks are therefore naturally associated with fundamental changes in
the Earth’s internal structure, i.e., with the thicknesses of the crust and mantle. While
this classical explanation is valid as far as it goes, it can do no more than explain the
characteristic scales of the breaks. A second clue to modeling the geoid is to note
the ubiquity of the horizontal and vertical scaling of geophysical fields including the
properties of the rocks (e.g., density, magnetization, radioactivity, seismic velocity).
This suggests the use of scaling models; for scales smaller than tens of kilometers
in the crust, this approach has been adopted by several researchers (e.g., Maus and
Dimri 1995; Dimri and Vedanti 2005) and would follow if over wide ranges, the
nonlinear dynamical processes responsible for the variability had no characteristic
scale; they were scale invariant or “scaling”. The use of scaling models has the great
advantage of automatically generating “red-noise” type scaling regimes similar to
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Fig.7 (a) Spectrum of total
column integrated density for
z¢ = 10, 20, 40, 80, 160 km
(bottom to top) with

ps =250 Kgm ™3, Iy = 215 km.
(b) The structure function
corresponding to z. = 10, 20,
40, 80, 160 km with

ps =250 Kgm™3, [y =215 km.
Using a mean lithosphere
density of 3 x 103 Kg m—3, the
value Sy, = 10! ng m—4
corresponds to fluctuations of
the order of 100 m of rock. The
maximum at 160 km is 10124,
i.e., about 500 m of rock.

(c) Total vertically integrated
fluctuations with

ps =30 Kg m*3, mantle
thickness 3000 km, sphero-scale
10, 20, 40, 80, 160 km. (d) The
structure function of the vertical
integral of the rock density with
mantle thickness = 3000 km
with sphero-scale = I; = 10, 20,
40, 80, 160 km, with

ps =30Kg m3.If

0o =4 x 103 Kgm™3, then the
equivalent thickness of the rock
is Az = (S1p(A0) /2 /py, e,
1 km of rock corresponds to

Log‘GElp(K) Kg? m-3
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that observed in boreholes. In addition, scaling processes have long range correla-
tions, huge nonclassical fluctuations, they display potentially realistic anomalies at
all scales. The first models of this type were isotropic, “self-similar”. However, as we
showed in Sect. 2.3, the high variability (slow spectral fall-off, 8 ~ 1) in borehole
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Fig. 7 (Continued) LOQiDSlp (Ax) Kg? m™

(d)

rock spectra and the corresponding low variability (rapid spectral fall-off, 8, ~ 5)
of the small scale (<100 km) surface gravity are not compatible with self-similar
(isotropic) models of rock density. A final flaw of the self-similar models is that they
are not compatible with the observed horizontal/vertical stratification of the rocks.

Following the approach used in Lovejoy et al. (2001), Pecknold et al. (2001),
Lovejoy and Schertzer (2007), we argue that while scaling is indeed a necessary
ingredient in realistic models it must be anisotropic. Using a simple analytical model
of the scaling spectrum, the first part of this paper (with various technical appendices)
works out the consequences for second order statistics of the surface gravity field. In
addition to the inner and outer breaks associated with any physical scaling regime,
there is an additional source of scale breaking due to two incompatible symmetries,
namely that of the isotropic gravitational Green’s function (+~2 law for gravity) and
the anisotropic rock density statistics. This introduces a scale break at the “sphero-
scale” (I;) where the density anomalies are roughly isotropic (“roundish’).

We apply such anisotropic scaling models to both crust and mantle density fields.
First, using (limited) borehole density data (from horizontal and vertical boreholes),
combined with continental (Bouguer) gravity survey spectra, we estimate the funda-
mental exponents for the crust as H; & 3, s & 5.3 and the sphero-scale at /; =~ 250 km
with the corresponding density fluctuations ~215 Kgm™3. Since H, > 1 at scales
smaller than [;, the rocks will be increasingly stratified. This model can thus read-
ily explain both the horizontal and vertical density statistics and the surface gravity
anomalies up to 100-300 km.

We then considered the contributions to surface gravity coming from the mantle
(important at larger scales). For this purpose we developed a theoretical model of
rock density variations in the mantle. This model was based primarily on dimensional
analysis of the equations of convection at high Prandtl and Rayleigh numbers, and
predicts H, = s =3 and p; = 30 Kgm™3, [, = 20 km. The mantle contribution to
the (mean) surface gravity spectrum predicted by this model was of the same order,
but somewhat smaller than the observed surface gravity spectrum at about 1000 km
scales.

The final source of surface gravity that we consider arises from the large crust-
mantle density contrast and the topography. Using a simple model combined with the
ETPO5 global topography data (at 5" of arc), as a surrogate for the crust thickness
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Table S The various exponents and values used in this paper. The mantle exponents are purely theoretical,
ps, psls are from Table 4 whereas the crust values are purely empirical, most being obtained from Leary
(1997) and Shiomi et al. (1997) density data with a single DNAG (Bouguer) gravity constraint

H, s L Ps psls
Mantle (from theory) 3 3 20 km 30 Kgm—3 6 x 105 Kgm ™2
Crust (from Leary and Shiomi data) 3 53  215km  250Kgm™3 5.4 x 10’ Kgm™2

(corresponding to an assumption of Airy isostacy), we were able to quantitatively
account for the surface gravity statistics over the range 300—3000 km.

The overall combined density/gravity model advocated here (see Table 5 for
a summary, see Lovejoy et al. (2005) in the site www.physics.mcgill.ca/~gang/
multifrac/index.htm for corresponding multifractal simulations) thus involves sepa-
rate anisotropic scaling regimes for the mantle and crust separated by a fractal density
discontinuity and seems capable of explaining the surface gravity statistics from scale
of at least meters out to about 3000 km (where core/mantle boundary and core con-
tributions are important). Since the mantle contribution to surface gravity was found
to be smaller than that due to the fractal crust-mantle boundary, the overall model
involved four internal parameters (H, s, ls, z.), and one additional external parame-
ter (the crust/topography thickness ratio x, see Table 5). Since the model predicts the
second order statistical behavior of the density field in both horizontal and vertical di-
rections, as well as the gravity spectrum, it is still fairly parsimonious. Although this
study was deliberately confined to second order (spectral) statistics, the full scaling
will likely show the density and the gravity to be multifractals (see Pecknold et al.
2001). They may enable us to make realistic multifractal models of the density and
gravity.
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Appendix A: Details of the Crust Density Formulae
A.1 The Basic Scaling of the Crust Density: Infinite Crust Thickness Results

For H; # s, the horizontal spectrum is

ko dk.
E,(K) =27 PyK -2 e
ke () 4 72)3/ e
HZ K HZ kZ _S/Hz""l kn
= —4x PyK k([—) += , (A.1)
s — H, kg ks ke
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where k., k, are the inner and outer crust scales (there is a factor of 2 for the nega-
tive k;). Taking k. =0, k, = 0o, we have

1+H,—s
s H: 5 (K :
Ep(K) = C20m) —plk ! . s> H., (A2)
§— s

i.e., By =s — H, — 1. Similarly, for the vertical spectrum
KdK
() + (/e
4y 2 s=2
COO'TEICR) (kz
N

(2—s)/H;
s —> ; s>2, (A3b)
H.T(31) ks

E,(k;) = 271/ (A.3a)
0

Ep(kz) =

ie., B; = (s —2)/H,. We can calculate the (2-D) horizontal structure function using

S(AX,0)=

(2n)2/0 (1 - Jo(KAX))E(K)dK (A.4)

and the (1-D) vertical structure function with

2 (0.¢]
5(0,0, A7) = = / (1 — Cos(k;Az2))E (k;) dk. (A.5)
T Jo
(there is an extra factor of 2 from the integration from —oo to 0). Using [; = i—’j we
obtain
AX s—H;—2
Sp(M,0)=p§<l ) ., s> H +2 (A.6)
N

(i.e., Sp(AX,0) AXP=1) If C. is chosen to be equal to

He=s(s — g (=
Cc=ﬂ (s z)H(_2 ) (A7)
8H (-I'(1+ 757))

then S, (ls,0,0) = ,os2 ,i.e., ,os2 is the sphero-scale fluctuation variance. Since there is
a low wavenumber divergence, this is the only natural choice of reference scale for
defining ps. Putting s = 5.3, H, = 3, we obtain C. = 8.66 x 10~*. With this choice
for C, in (A.7), we obtain the following for the vertical structure function

s—=2 s—=2

ko Az (A A\ G

5,(0,0, AZ)=BpZ,03< ;n ) = B,.p> - . s—2>H, (A8)
N

with the constant B, given by

T(TEEHOTEZ + Dsin(3 (72)
H.T(4)

s—=2
B,. = C.(2m)" &) (A.9)

@ Springer



564 Math Geosci (2008) 40: 533-573

(i.e., S5(0,0, Az) oc AzP<~1). Putting s = 5.3, H, = 3, we obtain B, = 0.124. The
fact that this dimensionless constant is not unity reflects the fact that the real space
and Fourier space sphero-scales are not identical. Indeed, if we define the real space
sphero-scale /,; as the scale at which the vertical and horizontal structure functions
are equal (S(/y5,0,0) = S(0, /5, 0) = S(0, 0, /,5)), then we obtain

1 _1
D =By (A.10)

which with the above values, i.e., 8y = 1.3, 8; = 1.1, yields a ratio 2.96 x 1073,
Using Iy = 250 km, this predicts /5 & 1 m, but this value is so sensitive to the small
difference B, — B; that it should not be taken too seriously. In addition, this estimate
does not take into account the finite crust thickness which will affect [, as determined
by the structure functions as defined here (but will not affect /;). However, the small-
ness of the difference does indicate that direct (real space) measurements of /,; (from
rock outcrops, for example) are thus likely to be highly variable.

A.2 The Effect of Finite Crust Thickness on Density and Gravity Statistics

The finite thickness of the lithosphere is important so that we must consider the case
ke # 0 (the results will be insensitive to the high wave number cut-off which we
therefore put at oo). For the horizontal density spectrum, from (A.1), we have

H. kK K Hz+k“ o H (A.11)
) — — s > . .
H " \\& 3 P

E,(K) =47 Py

With respect to the infinite lithosphere behavior, we see that there is a new
E,(K) =~ K regime for K < kg (ke kg)l/He

For the corresponding horizontal structure function, there is no simple analytic
expression, however, for the total variance

Rp(0,0,0)2<p2>:/000 Ep(K)dKszoo E,(k;) dk,

225 P22 —
k) Fr@reg-n o

- 2C“(2n)4p3(k_c HI(~ —1)
s 2 (g

This expression diverges as k. — 0 (explaining why we did not take p; to be defined

as the total variance). This determines the maximum of the density structure function.
The corresponding gravity spectrum is

Py(K) = (27tG)22/ Po(K k) 2513

i

k2

=2027G)? OC( Iy 1. (K ko) — Iy, 1. (K k), (A.13)
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where for s # H,

_ [ _H 100 2) ‘ ‘
I n. (K, ky) = <5—Hz) ImI:II(K,iK)IIHZ 2F1 <<1 - HL) L <2 - HL>

(K ko) |12 (A.14)
(K, —iK)f= ) |
2F1(a, b, ¢,2) = rprey J P (1 =0 b1 — 1) dr

(the K~! is used in the definition of I so as to make the latter dimensionless), where
2 F1 is the hypergeometric function with integral representation indicated. For the
case k, = 00, and large K, we obtain the simple result independent of H,, as long as
H,>1,

7 (K\"*
IS,HZ(KaOO)%_ — i K>k,

2 \ kg
P’ (A.15)
Is,HZ(K,O)%0<<k—> logK>; K > k.
s
Hence, for any s > 0, H; > 1, the low k, contribution is negligible, so that
K —S
Eo(K) = Chplky 3G2(k ) . K>k (A.16)
S
with the dimensionless constant Cj,, given by
C.
Cp = 7‘(271)7. (A.17)

Using s = 5.3, H, = 3, we obtain Cj;, = 167.
Using this formula to estimate the structure function of the surface gravity and
geoid, integrating in the horizontal from high frequencies down to kg, we obtain

Ch AXky)?
Sg(AX,0) ~ G2 2k, 2 %; AXk <1,
C, G AXk; (A18)
h ngk;z( ) :
2 g2 s—1

Sgeoid(AX, 0) ~ AXks < 1.

In the case of gravity, the structure function saturates at distances a little larger than
Ax = l; for the geoid it changes to another power law.
Also, for the low frequency regime, we obtain (to leading order)

Cos(F (1 — 31)) / K\ ~*/Hz
Iy, 1. (K, 00) %n—z<—> LK <k (A.19)
i Cos(Z(1— 2) '

whereas

H K —S 1+H
I, (K, 0) ~ ——— (—) ;K <k, (A.20)
s — H; \ kg
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Hence, the contribution from large k, dominates for s < H,, while for s > H, > 1
the small k, contribution dominates. Overall, we obtain for the energy spectrum

K —s/H,
Eg(K):CI,oSZkS3G2<—> ;S <H.,

ks
(A.21)
K —s—14+H,
E¢(K) = c,pfk;3G2<k—> . s> H, K <k,
S
with the dimensionless constant C;, given by
Cos(F(1 = 7))
Cr=Cn) ——— 2 s <H,

Cos(z(1 =) (A.22)

H.
C; =2C.(2m)° ZH s> H,.

- Z

Using s = 5.3, H; = 3, we obtain C; = 140. Hence, for the parameters H; > s, we

obtain
E, (K H K\ T
A2 k) s K>k,
Eo(K) 2m3(s — H)G? ° \ ks A%
E,(K) K> (A-29

= ;o K < kg.

E¢(K)  (2m)2G? <

For the case H, = s = 3, see below. This shows clearly that for H, > 1, the stratifi-
cation does not affect the low wavenumber regime; while on the contrary, it totally
determines the high wave number behavior.

In the case of the surface gravity, the finite cut-off at k. leads to a third regime
as outlined in Lovejoy et al. (2001) for the aeromagnetic case. This can be seen by
defining the variable z

1K, ke)| ™

7= m (A.24)

We then have three regimes for k. > k;:

k I/Hz
i~1; K>k (—”) ,
ks
k. ( K\ ko\ VH
i (k_) ; ks<_0> S Kok (A.25)
C S S
ik. (K -1 r %
~ —| — < .
S\ ) o ©

However, using the estimate k./ ks ~ 3 (kg = 27 /250 km, k. = 27 /80 km) we find
that the middle regime (which has k=1 behavior; see Lovejoy et al. 2001) holds
over a mere factor of 3!/3 and is thus is too limited in range to be noticeable.
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Appendix B: Details of the Mantle Density Statistics
B.1 The High Wavenumber Cut-Off

Contrary to the crust case with s > H_, for the mantle, the convection model gives
s = H, = 3 which implies high wave number divergences. However, the sphero-scale
plays the role of high wave number cut-off, with the result that many of the statistics
are somewhat sensitive to the exact high wave number details. Given a model for the
cut-off, a related problem is to find the most physically appropriate definition of the
sphero-scale. In this appendix, we discuss both of these issues. The question of the
cut-off will be illustrated by comparing two simple models.

(1) Wavenumber truncation. If we introduce a drastic cut-off in Fourier space at
k; = kg, then we obtain the following horizontal density spectrum

k‘v dkz 4 2,-2 k_y 3
Ep(K):2nP0K-2/ ﬁ:2Cm(2n) ok K10g<l+(—) )
0 (E)3 t K
(B.1)
(the factor of 2 is from the integration over negative wave numbers); thus,

k 3
E,(K) %2Cm(27r)4,oszkx_2Klog(?S> o K < k. (B.2)

The above is the (log corrected) B8, = —1 behavior of the mantle convection
theory. We can now calculate the total variance of the density fluctuations

1 ks b4
2 2 2
=R(0,0,0)= —— | E (K)dK =2Cpp>(2n)*v/3~. B.3
(%)= R(0,0,0) (271)2/0 p(K) nos Q)3 (B3)
The drawback of this drastic Fourier space cut-off is that it is physically unrealis-
tic, and mathematically it leads to a correlation function with artificial nonphysi-
cal oscillations about zero

1 00
Rp(M,O):W‘/(; E (K)Jo(KAX)dK

2CK (2m)%p? 1
~ DS ik AX); AX D>k B.4
AX 1(ks AX) >k (B.4)

(2) Exponential cut-off. It is more physically realistic to use an exponential cut-off
which is less drastic and has the additional advantage of involving a more realistic
correlation function. For this model, we take the modified spectrum

Py(K, k;) = Poe 1K || (K k)| . (B.5)
‘We thus obtain
K 3
E,(K) =47 PoKksl"<0, <k—> ) (B.6)
)
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where I'(0, x) = f xoo t—Le~!dt is the incomplete Gamma function. For K < kg,
we have the following expansion

K\® [/K\’
Ep(K)%4nP0Kks<—yE—log<k—> +(k—) +> (B.7)

where yg—¢.57... is the Euler Gamma. Note that the leading behavior for small
K is K log K3 which is identical to the result for the truncated high frequency
spectrum, but the —2m Py K kg y is new. Also,

2Pk (%)

= (B.8)

1 o0
R,(0,0,0) = 2:—/ E (K)dK =
o ) (,0 ) (2n)? 0 0 (K)
We also have a more realistic (nonoscillating) correlation function

1 o0
R,(AX,0) = W/o E,(K)Jo(KAX)dK

2 2 I \?
%ZHZCm< ”;;() =2H1cm<%); AX > k7' (B.9)

(with H; = 3). This exponential cut-off probably gives us the best estimate of Cy,.

B.2 The Definition of pj

Given the cut-off model, there are three obvious choices of definition of p:
1031 = R,O(07 O’ 0)7

2 =R,(;,0,00=R bl
P52 = Rplls: BB =Bo 37 ) (B.10)

N

,  [(AX\?
Pz = (T) R,(AX,0,0); AX>I.
Depending on which we use, we obtain different constants Cy,. R, (0, 0, 0) gives the
physically significant total variance. The second and third definitions are not very
different; they only differ because the power law behavior of the correlation function
is only asymptotically exact. The main choice is between either of these or the first,
with the difference arising because of the non abrupt cut-off in the variance at the
sphero-scale (a Fourier space truncation will in fact have variance at scales </; com-
parable to the exponential cut-off). We favor the first definition, since it seems more
physically relevant; in any case the differences are not large as Table 6 indicates.

Appendix C: Column Buoyancy

The spectrum of the running vertical integral of the density responsible for the total
column buoyancy force for a column thickness I, is given by

I
/ elkzz dz
0

2

Pri, p(K, k;) = Py(K, k;), (C.1
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Table 6 This table shows how two different definitions of pg and different high wave number cut-offs
affect the constant C;,,. Since the exponential cut-off is probably more realistic, and physically ,os2 = total
variance is more significant, we use the value C,, = 0.0187

2 2 AX\2 Rp(5.0,0) 11/2
g1 =Rp(0,0,0) P53 =G5 Ro(AX) B2 = (g
E tial cut-off Cp=—2L1— =0.0187 Cpn=1/6=0.166 2.98
xponential cut-o 'm (2”)2F(%) 'm /
Truncation Cn = Mﬁ; —0.0139 Cim =025 423

where the first term is modulus squared of the Fourier transform of the indicator
function of the integration interval. This yields

2sin(: ”))2}) ( : 4sin> (&) py 2

P 11l p(K kz) = ( = .
¥4l ’ K . kz 3 -
k. K2 + )/ e
To calculate the horizontal spectrum of the vertical integral, we integrate as usual over
the entire crust (due to a low frequency divergence, a low frequency cut-off is indeed
necessary). We use for this the simplest Fourier truncation model at wave number
ke =2m /1., I = crust thickness

En ,(K)=47K P /OO 4sin’ (C.3)
11, =an 0 . .
p X k%((k_s)Hz_Fk_j)s/Hz

If we integrate over the entire column, then /. =/, and we obtain

4sin

K2 He o+ )/ e

Elp(K)=471KP0/Oo (C4)

The sine factor is mostly important for k, < k., but the latter wave numbers are cut-
off anyway, hence it makes a small change to the results. For many calculations we
can therefore use the following approximation

E;(K)~ 47K P, foo dk; (C.5)
~4r . .
v A ST AT
Note that the large distance bound on the structure function is
U Y dk;
S1p(00) =2R;1,(0) =2(p7) = — | Eplks) 5 (C.6)
0 ke kZ
Using this approximation, we obtain the analytic result
s—=2
ke\ !
S1p(00) = B1y2m)*pik ( p ) :
S
€7

4T (7T C?)

Bip = .
PTG =2+ H)T ()
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If we include the sine factors, the corresponding expression is the same as the above
but with corrections involving hypergeometric functions; numerically, for s = 5.3,
H, = 3, the difference is a factor of 1.76 (see Fig. 7). Putting the high frequency
cut-off at 0o, we obtain

k\ TS/ He /g
Er,(K) =2C.Q2n)*p2k;3 (i) <—>

ke kg
x 2 Fy 1,1—1—1,2—}-1,— k) (K " ;s> —H,.
2 H ST H k) \k 'CS
(C.8)

This has the following low and high wave number regimes

k' 1+S/HZ K k‘ I/HZ
Elp(K)ZZCC(ij)ALpng_?’(_A) <_)7 K « k5<_°> ,

ke ks ks

H,+s (k\(K\'™* ko He
Ej(K)=2C.Q2m)*p2k 32" (=)= K>k =S )
Ip( ) (2m) Py Ky H. ke k, > Ks k,

Appendix D: Estimating the Contribution from the Crust/Mantle Interface,
Topography

If we now consider the case |(R — R")| > h(R’), we have the following approximation
to the Green’s function in (2.1)

, Gpc@)h@)Z( 3( h(R') )2 )
R~ k—rp \'"aljz—ry) T
h(R) < |(R - R, (D.1)

where g,(R|R’) indicates the gravity at the surface location R due to a column at
R’. We now use the same approximation on a column in the mantle (density p,,),
assumed to lie between depths %~ and h,, > h. Using the same approximation, and
summing the contribution from the crust and mantle, we obtain

g:(RIR)~ (h(RY? Ap + 2 pm), h(R) < [(R—R)|. (D.2)

C2[(R—R)P

The fluctuations in the column to column average mean column density (h,zn Pm) can
be neglected compared to the term i (R’ )zApm due to the contrast of the means
(Apm ~ 400 Kgm™3). This can be seen by estimating the statistics of the column
integrated density fluctuations which for the crust yields p; ~ hy ppm ~ 13 Kgm™
which is much smaller than Ap,, (the analogous calculation for the mantle yields a
column averaged variation of only 2-3 Kgm™3).

Neglecting the 12 p,, term, we obtain

G Apm / h*(R"d>R’'
|

g (R)~ — —. (D.3)
‘ 2 R-R|=H |IR—R']?
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The range of integration must be such as to respect the thin crust approximation
(I(R—R)| > h(R') > H; H is the typical thickness; it should be of the order of the
largest i values encountered). For these scales the above power law convolution is a
fractional differentiation of order 1 (integration order —1), so that in Fourier terms,
we have the following relation between 2-D transforms

GApy ———
Pmi2(KyK: K <1/H. (D.4)

5 (K) A~ —
8:(K) 5

Taking the complex conjugate equation and multiplying the two and after ensemble
averaging, we finally obtain

E(K)~%E K)K*, K <1/H D.5
8 ~ 4 hz() ) < / 5 ()

where E;2(K) is the horizontal spectrum of the square of the thickness. We can
estimate the latter by considering that £ is a constant thickness A plus a fluctuating
part i’

h(R) = ho +h'(R), (D.6)
so that
Ehz(K)=Ehé(K)+4h(2)Eh/(K)+Eh/z(K). (D.7)
The term E 03 (K) is proportional to §(K), and if kg is larger than the typical fluctua-
tion, E;»2(K) < E,(K), so that
Ep(K) ~ 4h3Ep (K). (D.8)

To test the consequences for the gravity spectrum, we can use the topography as
surrogate for A’. If we assume that the “roots” of the topography are x times larger,
then we have

h(R) = xhi(R), (D.9)

where £, is the topography. Overall, we obtain
Eo(K) ~ G*Apihix*En (K)K* K <1/H, (D.10)

i.e., in this range, Ep, (K) o Egeoid(K) (see (2.30)), Fig. 6.
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