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Abstract Because of its importance to many Earth sci-
ence analyses, it is worth assessing whether gravity
modelling can be simplified depending on the intended
purpose and required precision. While it is obvious that
large-scale gravity studies should account for the sphericity
of the Earth, each case should be examined on its own
merits. Demonstrations are useful for providing estimates
of the errors in much simpler 2D modelling. The example
of the Mid-Atlantic Ridge serves to compare “large” 2D
and spherical 3D models. My model extends horizon-
tally £2,000 km (£18°) from the model profile across and
along the straight ridge axis (along a great circle) and to a
depth of 82 km across the axis. 3D modelling would gen-
erally be considered obligatory, but this is not clearly
necessary from this study. The density structure is highly
idealised, the asthenospheric uplift or lithosphere thinning
is simplified. The Bouguer anomaly is fitted by least-
squares for the density contrast, and the 2D-3D difference
of the results is taken as the error. A lithosphere—astheno-
sphere density contrast of 86.56 kg/m’> was computed for
the 2D model, and 84.14 kg/m® for the spherical model.
The difference is small, in the order of 3%, well within all
the other uncertainties. My study shows that despite the
significant sphericity of the structure, 2D models are well
suited for such ridge studies, or generally for models with a
laterally extended layered structure, and that spherical
modelling can be applied discriminately.
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Introduction

It is usually assumed that to be done correctly gravity
calculations for large-scale models must performed in 3D
spherical coordinates. Appropriate algorithms have been in
the literature for decades and standard routines are avail-
able (Takin and Talwani 1966; Jonson and Litehiser 1972;
Talwani 1973; Vyskocil and Burda 1976; Cochran and
Talwani 1978; von Frese et al. 1981). Nonetheless, this
author has also used his own 3D routine (Cavsak 1992).
Obviously, the meaning of “large scale” depends on the
problem and the special requirements of each project.
Moreover, 3D models are much more difficult to work
with, to assess and evaluate, so that it is worth considering
the much easier and more manageable 2D models when-
ever possible. The present study is motivated by a 2D
Cartesian study by Jacoby and Cavsak (2005) who, for
simplicity, compared oceanic ridge systems by applying
2D models of several thousand kilometres extent. How-
ever, geometrically a surface point P, 10° removed from
the observation O, lies nearly 100 km below the plane level
through O, which will in turn affect the gravity effect. In
spite of this, no quantitative estimate of the errors due to
2D modelling and of the validity of the comparison were
offered by Jacoby and Cavsak (2005).

Here, I present a simple test for such ocean ridge models
using a very simple model, the lithosphere—asthenosphere
structure being described by an upward pointing low-density
wedge as was also partly used by Jacoby and Cavsak (2005).
This approach defines the lithosphere on the basis of thermal
models and particularly the 1,300°C isotherm (Artemieva
and Mooney 2002). The depth extent of about 80 km is
considered to be realistic for the test performed here. The
effects of a 2D wedge are compared to those calculated for a
spherical model of such a wedge in a quadrangle of about
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18° x 18° or 4,000 x 4,000 km area; the ridge follows the
centre line of the quadrangle and the gravity profile is the
perpendicular centre line (Fig. 1). The method of comparison,
2D—spherical, is a simple linear inversion for the best-fitting
density, given the average Bouguer anomaly across the
Mid-Atlantic Ridge. While the 2D ridge structures in the study
mentioned were more complex, the present test gives an
instructive quantification of the differences to be expected
between 2D and spherical models (Fig. 1).

Model and data

For the 2D gravity calculations a 4,000-km-long litho-
sphere—asthenosphere section in the x-direction was
assumed to extend 2,000 km on either side of the ridge
crest (Fig. 2). The upper surface is planar, and the water—
lithosphere boundary is computationally removed by the
Bouguer reduction with a Bouguer density of 1,600 kg/m*
(rock—water). The upper surface of the asthenospheric
wedge is approximated by a polygon, and the horizontal
lower surface is, again, assumed to be a straight line in
Cartesian coordinates. The lithosphere reaches a maximum
thickness of 82 km at 2,000 km axial distance. The base of
the lithosphere corresponds roughly to the definition of the
1,300°C isotherm (Artemieva and Mooney 2002) and is
considered adequate for this test. This simplistic model of
the depth structure of the ridge is adapted from a mean
section of the Mid-Atlantic Ridge (Jacoby and Cavsak
2005). More detailed and realistic models of cooling litho-
sphere and crust-mantle structure are immaterial for the
present test. What is important here is the ratio of depth
over lateral extent of the model.

Fig. 1 The spherical model quadrangle
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The spherical 3D model has the same 2D section
transferred into the quadrangle of the spherical Earth, as
shown in Fig. 1. The ridge is assumed to be perpendicular
to the equator, along a meridian. For the gravity calcula-
tion, the cross section is defined in spherical coordinates
extending to +18°, i.e. £2,000 km along the Earth’s sur-
face. The 3D model is represented by nine sub-parallel
cross sections along parallels, 4.5° or 500 km apart, each
defined by 43 polygonal corner points, and connected by
triangulation to form upper and lower polyhedral surfaces
of the asthenosphere wedge, thus defined by 1,508 trian-
gles. Figure 3 shows the model geometry in spherical form.

The comparison between Cartesian 2D and spherical 3D
modelling is made on the basis of observational data from
the Mid-Atlantic Ridge. On the basis of the global
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Fig. 2 (a) Mean observed Bouguer anomaly across the Mid-Atlantic
ridge and gravity effects calculated for the Cartesian 2D model and
for the spherical 3D model. (b) Cross section of the assumed
asthenosphere-lithosphere structure in the 2D and spherical 3D
coordinates. (¢) The vertically exaggerated section (25x) shows the
slight axial depression
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Fig. 3 (a) 2D Upper surface. (b) and (c¢) Upper and lower surface of
the body in the geographical coordinates, defined with 43 x 9 corner
points and contoured in 50-km depth intervals relative to the centre
point at the earth’s surface; bottom: the lower surface of the low-
density asthenosphere wedge; middle: the top surface of the
asthenosphere wedge; top: a central section shown in the middle by
grey shading

spherical harmonic gravity field solution of Rapp (1977),
which is complete to degree and order 52, profiles were
selected that are as little as possible disturbed by fracture
zones and seamounts (Fischer 1984; Vesper 1984) and then
stacked to obtain a representative “average profile”. The
selected data points are shown as crosses in Fig. 2, together
with the modelling results. Bathymetry was taken from a
global data set of 1° x 1° mean values (R. Rummel, per-
sonal communication) and is treated in exactly the same
way as gravity. For the 2D-3D comparison, the data are
considered sufficient and adequate for the demands of this
particular exercise.

Results

For the comparison of 2D and 3D gravity models, an
inversion of the Bouguer anomaly data set was carried out
using the two model types as a priori information. Only the
density contrast between the thickening lithosphere and the

wedge-shaped asthenosphere was adjustable. That does not
mean that such a model is considered most realistic, but it
can be taken as an “equivalent” model in the sense that it
can explain the main features of the observed Bouguer
gravity anomaly. Geological complications and details are
intentionally neglected. Undoubtedly, they would affect the
comparison slightly, but the main effect of global geome-
try, i.e. spherical versus 2D, should be rather accurately
quantified and not affected by this simplification. Table 1
gives the details of fitting both models.

The best-fitting density contrasts are taken as an indi-
cation of the errors encountered in 2D modelling. The
results for the two models are:

Cartesian 2D model: dp = 86.56 £ 5.9 kg/m3, standard
fitting error of +11.5 mGal,

spherical model: Jp = 84.14 + 5.5 kg/m>, standard
fitting error of +11.1 mGal.

The difference of 2.4 kg/m® is within the standard
errors, and corresponds to less than 3% of the result. This
value is rather insignificant in view of the simplifications
and all the other uncertainties of such calculations.

Interestingly, the standard error of the 3D model fit is a
little smaller than that of the 2D model fit. A value of
11-12 mGal reflects the shorter-scale variations for which
the parametrization of the models, both 2D and spherical, is
insufficient, i.e. which cannot, and were not intended to, be
fitted. But the model-wide wavelength is slightly better
fitted in spherical geometry.

The test was extended to the depth extent of the model by
simply stretching the lithosphere—asthenosphere boundary
downward and repeating the above comparison. Somewhat
surprisingly, the optimised density contrasts of the 2D and
3D models diverged much less than expected as the model
depths increased. The reason for this is that the structure
type investigated is of layered nature, with a lateral extent
greatly exceeding its depth. The problems of 2D models
become serious, when the vertical dimensions approach the
model width, as in the case of narrow mantle plumes.

Discussion

This study was suggested by modelling of several ocean
ridges by Jacoby and Cavsak (2005). This earlier study left
open the question of how large the errors in 2D versus 3D
models had been. Here, I used a simple model to show that
the systematic error in the 2D models caused by ignoring
the real 3D spherical geometry is only small, i.e. a fraction
of the standard error of the fit to the data. The resultant
error is a slight overestimation of the density contrast
between lithosphere and asthenosphere. In the case of a
ridge with 4,000 km lateral dimensions and a depth extent
of the order of 100 km, 2D modelling is still adequate for a
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Table 1 Observed Bouguer

anomaly and calculated gravity X (km) Observed (mGal) 2D 3D

effect of ridge Model and Calculated Residual Calculated Residual

residuals for 2D Cartesian (mGal) (mGal) (mGal) (mGal)

model and 3D spherical model
—625.00 179.00 171.82 7.18 172.43 6.57
—500.00 175.00 162.65 12.35 163.13 11.87
—375.00 155.00 152.96 2.04 152.84 2.16
—250.00 123.00 140.13 —17.13 139.76 —16.76
—168.00 111.00 116.16 —5.16 115.49 —4.49
—125.00 79.00 92.69 —13.69 92.37 —13.37
—62.00 62.00 53.21 8.79 53.48 8.52
0.00 55.00 43.77 11.23 43.97 11.03
62.00 62.00 53.21 8.79 53.48 8.52
125.00 79.00 92.69 —13.69 92.37 —13.37
168.00 111.00 116.16 —5.16 115.49 —4.49
250.00 123.00 140.13 —17.13 139.76 —16.76
375.00 155.00 152.96 2.04 152.84 2.16
500.00 175.00 162.65 12.35 163.13 11.87
625.00 179.00 171.82 7.18 172.43 6.57

2D-Ap = —86.6 kg/m?,
3D-Ap = —84.5 kg/m®

Standard error: 11.48 mGal, Constant: 270.75 mGal

Standard error: 11.07 mGal,
Constant: 282.20 mGal

regional study and does not require the more complex 3D
approach for a realistic prediction. This conclusion still
holds for deeper structures of similar “layered” geometry
to depths comparable with the model widths.
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Appendix
Calculation of the potential and the gravity effect

The 2D calculations were carried out with the widely
known Talwani method (Talwani et al. 1959). For the 3D
calculations the program INVGRA. for was written by the
first author as part of his PhD thesis (Cavsak 1992). The
parametrization of arbitrarily shaped uniform mass bodies
is based on triangulated polyhedra, a classical method in
gravity calculations (e.g. Chapman 1979; Holstein et al.
1999; Holstein 2002a, b; Pohanka 1988). A brief outline of
the method follows below as it had been derived in a non-
traditional way.

Given is the terrestrial x, y, z coordinate system with z
pointing downward in g direction. The basic unit of the
massive polyhedron is defined by the tetrahedron expanded
from the observation point O to any of the planar triangles.
Their orientation is arbitrary in (x, y, z). A coordinate
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transformation is carried out (by vector operations) to the
triangle-oriented coordinate system (¢, 7, {), such that the
triangle is in the - plane and one of its edges (A-B) is
parallel to &, see Fig. A-1.

The potential effect is given by

ne &% n

)

Ny e =0

{-dC-d¢-dn

@+ 1) (A1)

where & is the height of tetrahedron (Fig. A-1)
Analytical integration renders AU = %G ~p-h-F(n,&)

with
F(n,&) =
5(2)2a’1c
n-In {g’-ﬁ-\/ézﬁ-nz—khz]
+&-cosf-In \/éz+n2+h2+i+éz-smﬁ]
cos f
2 . —_— .
+¢-arctan [’Hal;ﬂ—ézﬂ]
h-/& +n?+h? £,
(A-2)
(Chapman 1979), from which follows:
Y= Fl (nC7 5(2>) - F2 (nAa 6(2)) - F3 (7107 6“))
+ Fy (nA, é“)) (A-3)
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The height of the tetrahedron (0ABC)

Eig. A-1 (a) Coordinatg transformation with vector operation. (I)
{(=7¢xdand (II) f = { x ¢ and (b) illustration of the parameters.
The triangle in its transformed coordinate system

The gravity effect is

0
Ag =—(AU) (A-4)
0z
The formal differentiation leads to a lengthy expression,

not reproduced here. It reduces to

0 0

Ag:;G-p{aZ(h)~Y+aZ(Y)-h} (A-5)

With the z component of the normal unit vector of the
respective triangle {, = a% (h)and Y = aﬁ (Y) we can write

Ag:%G'p'il:(zzi'Yi—i_Y;'hi) (A0
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