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A note on estimating 7. from Bouguer coherence
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Abstract The coherence between Bouguer gravity anomalies and topography is widely used to
estimate the value of T, the effective elastic thickness of the lithosphere. In areas where there is
little topography but substantial free air gravity anomalies there is often little coherence between
the free air anomalies and topography. In such regions the Bouguer coherence method generally
gives estimates of T, of 90 km or more. A detailed analysis shows that, under these conditions, the
value of the Bouguer coherence 77 is entirely controlled by the ratio of the power spectra of the
free air gravity anomalies and the uncompensated topography, and contains no information about
the value of T,. What is worse, under these circumstances the variation of 'yg with wavelength
closely resembles that expected for large values of T,. These results show that neither the Bouguer
coherence method nor the admittance method can produce meaningful estimates of T, when the
free air gravity anomalies are incoherent with the topography.

Keywords Bouguer coherence; Effective elastic thickness.

1 Introduction

An important constraint on lithospheric rheology is the value of T, its effective elastic thickness.
In oceanic regions T, is usually estimated in the spectral domain, using the transfer function, often
called the admittance, between the bathymetry taken as input and the free air gravity anomaly
as output. Watts [13] reviews a number of such studies, which show that the value of T, increases
from ~ 3 km on slowly spreading ridges to more than 20 km beneath old cold lithosphere. In
contrast, estimates of T, for continental regions are the subject of an ongoing controversy, which
has recently been reviewed by Kirby [5]. Several approaches have been used to make estimates
of T,. Banks et al. [1] and McNutt and Parker [8] used the transfer function between Bouguer
gravity anomalies and topography for the U.S. and Australia. They estimated the value of T, to
be 6 and 1 km respectively. Forsyth [3] introduced a new method of estimating 7T, that used the
coherence between Bouguer gravity anomalies and topography. Application of Forsyth’s method
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to the shields of the U.S. (Bechtel et al. [2]) and Australia (Zuber et al. [14]) gave values of T,
of 90 km or more for the parts of both regions that consist of shields. Such large values of T, are
only possible if elastic stresses can be maintained for periods of 10-1000 Ma in mantle material
whose temperature is ~ 1000°C. In contrast, in oceanic regions the base of the elastic layer is at a
temperature of ~ 450°C (Watts [13]). Another constraint on lithospheric rheology is the thickness
of the seismogenic layer, T, which is no more than ~ 50 km beneath both oceans and continents,
and has a temperature of less than 600°C (Jackson et al. [4]). The seismogenic layer need only
store elastic stresses for ~ 1 ka, and therefore its thickness is expected to be greater than T,. This
expectation is borne out in oceanic regions, but not in continental regions if T, is 90 km or more.

These problems caused M®Kenzie and Fairhead [7] and M®Kenzie [6] to examine in some detail
the assumptions underlying Forsyth’s approach. Forsyth assumed that the elastic layer was loaded
in two ways, from the top and from the bottom. If the top load is incoherent with the bottom
load, both loads must generate topography. However, in areas where there is little topography, the
observed value of the coherence between the free air gravity and topography is often close to zero
at all wavelengths. This lack of coherence must be taken into account, and provides the key to
understanding why Forsyth’s method generates such large estimates of 7.

The standard admittance approach assumes that the Fourier transform of the observed free air
gravity anomaly g} is related to that of the topography t by

g7 =2°(k)t+n (1)

where k = (k2 + kz)l/ 2 is the wavenumber, Z° is the transfer function, which is often called the
admittance, and 7 is that part of g which is incoherent with the topography. Z can then be
obtained from .
0 <9y
2°(k) = 2= (2)
where * denotes complex conjugation, and the angle brackets averages over the semicircular annulus
k+ Ak, k — Ak in the 2D spectral domain. The coherence fyj% between the between the 2D Fourier
transforms of the free air gravity and topography in the spectral domain is

—0xL ~ 2
k) =
<g7gy><tit>

(3)

The misfit H between the observed values of admittance Z¢ and those calculated from the flexural

model Zf is given by
;i 70— ZE(T)
N ag;

i=1

1/2

H(Te) = (4)

where 0; is the standard deviation of Z, which depends on 77 (Munk and Cartwright [9]), and Z{
is calculated from equation (11) with F' = 1. The value of T, is also estimated from the Bouguer
coherence, ’yg, calculated from equation (3) using gy instead of g% and Forsyth’s approach.

Forsyth [3] considered two types of load, imposed at the surface or internally at the Moho.
M¢Kenzie [6] argued that internal loads should be separated into two types, depending on whether
or not they were coherent with the surface topography. Loads with no surface expression must
actually consist of both an internal and a surface load (see below). They result from erosion, which
acts to remove surface topography and finally leaves a flat plain at sea level. However, erosion does
not remove the subsurface density contrasts, which will still produce free air gravity anomalies
when the surface is flat. If gravity could be switched off, removing all gravitational stresses, loads
that now have no surface expression would then become associated with topography.
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2 An Example

The gravity and topography of central and Western Australia provide an good illustration of the
difficulties discussed above. Figs. 1la and 1b show the free air gravity anomalies and topography
for Australia, and the box used to calculate the quantities in Fig. 2. As is commonly the case
for regions underlain by old rocks and shields, there is little topography in central and Western
Australia, though Fig. 1a shows that there are large gravity anomalies in this region.

Fig. 2 illustrates the results of applying the standard admittance approach described above to
the data set from Australia shown in Fig. 1b. Because the free air coherence is so small, the values
of Z°(k) are poorly determined. Fig. 2d shows that H(T.) has a shallow minimum at 7, = 31.5
km. However, the fit to the observations in Fig. 2a is unconvincing. Fig. 2c shows that the free air
gravity anomalies are not, in general, coherent with the topography. As Zuber et al. [14] found,
there is weak coherence between wavelengths of 200 and 300 km, and Fig. 2b shows that the phase
of the admittance in this wavelength band is 180°. Therefore the free air gravity field is dominated
by loads with no surface expression. This behaviour is commonly the case for shields. As Figs. 2a
and 2d clearly show, it is not possible to obtain a useful estimate of T, using the admittance,
because of the absence of coherence between the topography and the free air gravity. In contrast,
Fig. 2e shows that the observed variations in Bouguer coherence give an estimate of T, ~ 90 km,
in agreement with Zuber et al. [14].

The first issue is to examine the consequences of the lack of coherence between the free air
gravity and the topography. Equation (3) shows that ’yj% = 0 requires

<gyt>=0 (5)
The Bouguer gravity field gy can be constructed from 9% and ¢
gy = g5 — At (6)

where A is a constant. If gravity is measured in mGals, the topography in metres and its density is
taken to be 2670 kg m™>, then A = 0.11194. If there is no coherence between the free air gravity
and topography, then equations (3), (5) and (6) require

A2 <1t > 1
2 k) = — —— = 7
rYb() <§?*g?>+A2<t*t> 1+R(l€) ()
where q°
<9795 >
< At” At >

is the ratio of the power in the observed free air gravity field, g%, to that of the gravity field from
the surface topography, At, in the relevant wavenumber band. The Fourier transform of the free
air gravity anomaly ﬁ would be given by At if the surface topography was the only load and
there was no compensation. Fig. 3a shows the Bouguer coherence 77 calculated from R(k) using
equations (7) and (8). As expected, the behaviour of 77 in Fig. 3a is similar to that in Fig. 2e,
and yields a similar estimate of T.. Fig. 3c shows the individual power spectra < g7} > and
< AT AT >. At wavelengths less than about 400 km the power of the gravity field calculated from
the uncompensated topography is an order of magnitude less than that of the free air gravity.
Therefore in this range of wavelengths the free air gravity must be dominated by internal loads
and it is then not surprising that ny% is not significantly different from 0. At wavelengths greater
than about 600 km R < 1 and equation (7) then shows that 7;? > 0.5, even though 'y]% remains
insignificant. This behaviour must result from isostatic compensation of the topography, since
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otherwise the correlation between the topography and the free air gravity would be expected to be
substantial.

This discussion shows that there is a serious problem with using the Bouguer coherence to
estimate T, when *yj% ~ (. If the topography in Fig. 1b is further reduced by erosion, the free air
gravity field will scarcely change, because it is dominated by internal loads and its coherence with
the topography is anyway insignificant. So erosion will reduce < AZ"At > but leave < y‘;*ﬁ >
almost unaffected. The consequence of this behaviour is illustrated in Fig. 3b and 3c, where the
topography in Fig. 1b has been reduced by a factor of 2. As expected from equation (7), this change
increases the value of R and hence the estimated value of T,. Therefore the value of T, estimated
from the Bouguer coherence is controlled by the power in the uncompensated topography, and will
become arbitrarily large as the topography is removed by erosion. It is therefore meaningless.

Though this argument is formally correct it contains no physics, and in particular does not
account for the incoherence between the free air gravity and the topography. A simple model that
can do so was proposed by Forsyth [3], and consists of a crustal layer of constant thickness d and
density p., overlying a mantle with density p,,, the whole having an elastic thickness T,. The plate
is loaded by applying a layer of thickness s; and density p. to its surface, and another of thickness
s2 and density p,, to the Moho. When s; and sy are uncorrelated Kirby [5] gives an expression for
7]% which has been used to calculate the curves in Fig. 4 for various values of f, the ratio of the
Moho load to the surface load, where

- (Pm — pe)s2
f= By (9)

This plot shows that no choice of f can generate *yJ% ~ ( at all wavelengths.

Since the topography is never completely flat, the observed lack of coherence at all wavelengths
cannot be modelled if the surface and internal loads are incoherent with each other. It requires
loads that are perfectly coherent with each other, and their ratio to be chosen so that there is
no topography (M°Kenzie [6], Simons and Ohlede [12]). This is the essential difference between
the model used below and that discussed by Forsyth [3] and Kirby [5]. Furthermore, if 77 ~ 0,
the gravity field from loads with no topographic expression must dominate that from the surface
topography. If the coherence between 37 and S, is 1, the resulting expression for the admittance Z
between the free air gravity and the topography is

g5 = Z°(k)t (10)

where
Z°(k) = AG(k) (11)

G(k) = {1 + (E*lF_(Ci)(K - 8 - ’;;) exp(—kd)] (12)

and the crust is assumed to have the standard Bouguer density. F' is the fraction of the total load
applied to the surface

,DC§1 1
F(k) = = 13
( ) pPeS1 + (pm - pc)§2 1+ f ( )
and Dk* Dk*
Y= ; (=0, r=Pm_ (14)
9pPc g(pm - pc) Pe

g is the acceleration due to gravity, d (= 35 km) the crustal thickness, p,, (= 3300 kg m™%) the
mantle, and p. (= 2670 kg m~?) the crustal, density. D is the flexural parameter

ET3

D=-—_—"¢ _
12(1 - 0?)

(15)
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where E(= 9.5 x 10'° Pa) is Young’s modulus and o (= 0.295) Poisson’s ratio. The surface topog-
raphy must always generate a free air gravity anomaly g;. 1 > G(k) > 0 is the factor by which
the gravity field from the uncompensated topography is reduced by the effect of the compensation.
At long wavelengths these expressions show that, as k — 0, ¢» — 0, ( — 0 and therefore G — 0,
irrespective of the value of F' and D. Therefore R — 0 and 77 — 1 as k — 0, also irrespective of
the values of T, and D. The effect of the finite value of T, is to reduce the power of the free air
gravity anomaly expected from the topography. Fig. 5 shows three examples, all calculated with
F = 1. The curve in Fig. 5a for T, = 90 km gives gravity signal from the topography which has a
similar magnitude to that observed between wavelengths of 600 and 1000 km. Therefore the gravity
signal from the topography should make an important contribution to the free air gravity, even if
there is also a contribution from subsurface density contrasts. It is then difficult to understand how
'y]% ~ ( in this wavelength range if T, is as large as 90 km. Values of T, of 30 and 10 km in Fig. 5b
generate free air anomalies that have about an order of magnitude less power in this wavelength
range than that observed, so it is less surprising that fyj% ~ (. This behaviour therefore provides an
upper bound on the value of T, of ~ 30 km.

Another issue is whether the free air gravity field can be used to estimate T, when it is dom-
inated by loads with no surface expression. Such loads result from erosion, and are the dominant
contributors to the free air gravity anomalies over most shields. This question can be addressed
using the same simple flexural model. The value of F(k) that generates a completely flat upper
surface when §1,55 # 0 is

F(k) = - ! (16)

C+1)+1
Fig. 6 shows curves for three values of T,. These show that, by itself, the observation that 'y]% ~ 0
does not provide a constraint on the likely value of T.: It only does so when the power spectra of
the free air gravity and topography are also known.

3 Other regions

The relationship between topography and gravity illustrated in Figs. 1 and 2 is common in old
shield regions of the continents. Fig. 7 shows three other such regions where there is little coherence
between topography and free air gravity anomalies. In all three regions Forsyth’s method has been
used to estimate T,. In S. America Pérez-Gussinyé et al. [11] obtained values of T, of more than 70
km. In central N. America Bechtel et al. [2] estimated a value of T, of 82 km, and in central and
eastern Europe Pérez-Gussinyé and Watts [10] obtained values of more than 70 km. These values
agree well with those in Fig. 8 obtained from the regions shown in Fig. 7a. Because the coherence
between the free air gravity and topography is close to zero in all three regions, the value of 'yg is
controlled by the ratio of the power spectra of the free air gravity to that of the uncompensated
topography.

Unlike the Bouguer coherence method of estimating 7¢, the admittance method does not suffer
from the same confusion when there is no significant coherence between the free air gravity and the
topography. Fig. 7b-d show that it cannot be used to estimate T, in any of these regions, because
the coherence between the topography and the free air gravity anomalies is close to zero. In all
cases H(T.) (not shown) is almost flat, as it is in Fig. 2d. However, Fig. 9 shows that in two cases,
C. North America and NE Brazil, there is sufficient power in the topography to impose an upper
bound on 7, of ~ 30 km if the gravity signal from the surface topography is to be incoherent with
the free air gravity. In contrast, the topography in E. Europe is too flat to provide any such bound.
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4 Discussion

One reason for the popularity of the Bouguer coherence method of estimating T, is that it generates
estimates where the admittance method fails. However, as discussion above shows, this apparent
advantage is completely misleading when the topography has been strongly reduced by erosion.
The only obvious indication that the Bouguer coherence method has failed is that the coherence
between the free air gravity and topography is close to zero. When this happens neither method
can produce reliable estimates. It is particularly unfortunate and misleading that the behaviour
of v2(k) can be fitted by selecting a value of T,, even when the relationship between gravity and
topography may in fact contain little or no information about its value.

When there is no significant coherence between the free air gravity and topography, estimates
of T, can still be obtained by fitting profiles of free air gravity anomalies in the space domain.
Estimates obtained in this way are considerably less accurate that those obtained in the spectral
domain, and in particular the upper limits of T, are generally poorly constrained. Values obtained
by this method are about 10 and 16 km for individual profiles from central Australia and the US
respectively (M°Kenzie and Fairhead [7]), and 7 and 15 km for stacked profiles. These estimates
are in general agreement with those of 10-33 km from similar cratonic regions that have rough
topography, where the spectral approach can be used (M°Kenzie unpublished). Furthermore they
are consistent with the upper bounds on T, obtained above, using the condition that the ratio of
the power in the observed free air gravity to that from the surface topography should be large if
'y]% is to be small. As expected from the difference in the time scales, they are also less than the
values of T5.

What remains unclear is whether values of T, obtained from Bouguer coherence when WJ% is
substantial are estimates or simply upper bounds. In such regions the value of T, from Bouguer
coherence is usually about a factor of two greater than that obtained from the admittance, and
is also usually greater than Ti. Both observations suggest that it provides an upper bound rather
than an estimate.

Simons and Olhede [12] have recently cast the problem of estimating T, into a modern statistical
framework. Their approach uses Bouguer, rather than free air, anomalies, and hence requires the
density of the topography to be known. They also assume that the ratio of the surface to the
subsurface load is constant and independent of wavelength. However, this condition is not satisfied
by loads with no surface expression (M°Kenzie [6], Simons and Olhede [12], equation 70). Such
loads must be responsible for the behaviour of the coherence in Figs. 2¢ and 7b-d. Simons and
Olhede show that their method works excellently on synthetic data, and it will be of great interest
to discover whether a similar approach is equally successful on real data.

5 Conclusion

The Bouguer coherence method can only be used to provide estimates of T, where there is clear
coherence between the free air gravity anomalies and topography, and may even then only provide
an upper bound on the value. When 'yJ% ~ () neither the Bouguer coherence nor the admittance
method can be used to estimate T,.. However, it is still sometimes possible to use the ratio of the
power spectra of the free air gravity to the topography to put an upper bound on T,. It is also
sometimes possible to make an estimate of its value from profiles of the free air gravity.
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Fig. 1 Free air gravity, (a), and topography, (b), of Australia. The blue box in (b) shows the region used to calculate
the spectra of the topography and free air gravity.
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Fig. 2 Amplitude, (a), and phase, (b), of the admittance within the box of Fig. 1b, using the topography as input,
free air gravity anomaly as output. (¢) shows the coherence between the free air gravity and the topography, and (d)
the misfit (equation (4)) between the observed values of |Z| and those calculated from equation (11) with F' = 1. (e)
Coherence between topography and Bouguer gravity for the region inside the box in Fig. 1b. The error bars show
one standard deviation. The continuous line shows the behaviour expected when Te = 90 km.
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Fig. 3 (a) 1/(1+ R) (see equation (7)) calculated from the ratio of the power spectra of the free air gravity anomaly
and that from uncompensated topography from the box in Fig. 1b. (b) as for Fig. 2e but with the topography reduced
by a factor of 2. The units of the power spectra in this and other figures are mGal? km
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Fig. 4 The curves show the free air coherence, calculated from Kirby’s [5] expression with T. = 30 km and marked
with the values of f, the ratio of the subsurface to the surface load, which are assumed to be incoherent with each
other. The solid dots show values from Fig. 2c.
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topography, At, and from surface topography with T = 90 km, for the box in Fig. 1b. (b) As for (a) but with
T, = 30 and 10 km. The power spectra in all figures are in units of mGal? km.
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