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Abstract

The scaling spectral method for gravity and magnetic data is found
useful for finding the depth values and statistical properties of the source
distribution. The depth values calculated by scaling spectral method are
close to the realistic values whereas white noise assumption of sources
results in overestimations. The scaling spectral method has been applied to
many parts of the world. The power spectrum corresponding to low
wavenumber may be dominated by scaling properties alone rather than the
depth values. The scaling distribution is useful for gridding the datasets,
delineating the lithological units and enhancing the information of sources.
The long non-stationary profiles and larger areas may be divided into
piecewise stationary profiles before applying the scaling spectral method.
The values of scaling exponents from the field as well source indicate 3- D
distribution of susceptibility and density.

Key Words: scaling spectral method, gridding the datasets, delineating the
lithological units, susceptibility, density

Introduction

The interpretation of gravity and magnetic data generally carried out in the
space and frequency domains. The interpretation of the gravity and magnetic data is
preferred in frequency domain because of simple relation between various source
models and field (Naidu and Mathew 1998). The estimation of the depth of
anomalous sources is usually carried out by Spector and Grant (Spector and Grant,
1970) method and its variants in frequency domain (Bhattacharyya, 1966; Naidu,
1968; Spector and Grant 1970; Treitel et al., 1971; Hahn et al., 1976; Connard et
al., 1983). These methods assume different assemblage of sources like statistical
ensemble of prisms (Spector and Grant, 1970), white noise of vertical needles with
constant magnetization (Naidu, 1972: Hahn et al.,, 1976), a sandwich model of
uniaxially magnetic sheets (Pedersen, 1991), equivalent density layer ( Pawlowski,
1994) etc. These methods are in continuous use since their development because of
simplicity (Ofoegbu and Hein, 1991: Cowan and Cowan, 1993: Hildenbrand et al.,
1993: Gracia- Abdeslem and Ness, 1994). In case of 2-D data radially averaged
power spectrum is proportional to exp (-2dk), where k is wave number, d is depth to
anomalous sources.

The assumptions of sources in these methods lead to white noise distribution.
The white noise source distribution is assumed because of mathematical simplicity
and limited information about the subsurface source distribution. Recent borehole
studies from the German Continental Drilling Program (KTB), the Canadian Shield,
etc. have shown scaling noise distribution of physical properties rather than white
noise distribution (Pilkington and Todoeschuck 1990, 1993, 1995; Maus and Dimri
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1995, 1996). The power spectrum of scaling noise can be represented as: P(k) ~k*,
where P(k), k and B are the power spectrum, wave number and scaling exponent of
the source distribution, respectively. The values of scaling exponents indicate the
relation between the successive values, a positive value indicate anti-correlated,
negative values indicates correlated and zero value corresponds to white noise.

Pilkington and Todoeschuck (1990) have shown that scaling noise models are
more suitable for modeling the spatial variation of geophysical parameters. They
analyzed six boreholes, three each of 300m depth and 150m depth from Bells
Corners, Ottawa, Canada. The data divided into sedimentary and igneous sections
for each borehole. The power spectrum of acoustic impedance, resistivity log,
density, gamma-ray log, neutron log is calculated using periodogram technique. The
values of scaling exponents of density varies from -0.87 to -1.47 for sediments and -
0.71 to -1.71 for igneous rocks. In another study of Pilkington and Todoeschuck
(1993) the values of scaling exponents are found varying from -1.32 to -1.96 for
sedimentary rocks and from -2.08 to -2.72 for igneous rocks. Leonardi and Kumpel
(1998) studied the physical properties of the rocks from the KTB borewell data and
found the values of scaling exponents between -1.0 to -1.4 for susceptibility and -0.6
to -1.2 for bulk density. Zhou and Thybo (1998) were in the opinion of variation of
scaling exponents with depth for the field as well as source distribution. They
analyzed the susceptibility data of the KTB super deep main hole and aeromagnetic
data over the Southeastern North Sea. The scaling exponent for KTB susceptibility
data varies from -0.6 to -2.0 with a decreasing trend with depth. The values of
scaling exponents from aeromagnetic data is found -2.3, -1.1 and -0.96 for three
different sedimentary basins of different basement depths in the North Sea area
(Zhou and Thybo, 1998). The values of scaling exponents may be anisotropic;
different in vertical and horizontal directions (Pilkington and Todoeschuck, 1993).
Shiomi et al. (1997) analyzed well-log data from five deep wells in different tectonic
regions in Japan to study the statistical characteristics of P-wave velocity, S-wave
velocity and density in the uppermost part of the crust. The three wells are located in
sedimentary rocks in the Kanto Plain and two wells are in the Kuju Volcano Group in
Kyushu Island. In the Kanto Plain the scaling exponent ranges between -1.1 to -1.3
from the analysis of P-wave velocity and density, whereas the scaling exponent is -
1.3 to -1.6 in Kuju Volcano Group for P and S wave velocities and density. This is an
indication of less values of scaling exponent in a tectonically stable area as compared
to the tectonically active area. Maus and Dimri (1995) found the values of scaling
exponent -2.07 to -2.16 over the KTB main hole and -1.8 over the KTB pilot hole
from aeromagntic data. Analysis of marine gravity data of Norwegian Coast has
shown that the scaling exponent is -4.5 (Maus et al.,, 1998). An example of
susceptibility log measured in the KTB pilot hole (Fig. 1a) and its power spectrum
(Fig. 1b) with the values of scaling exponent is shown in Fig. 1 (Maus and Dimri,
1995). The scaling noise has no characteristic correlation length (Feder, 1988).

Pilkington and Todoeschuck (1993) studied the relation between the scaling
exponent due to the 3-D susceptibility distribution and 2-D magnetic field. They
found that susceptibility distribution with scaling exponent (a) will produce a
magnetic field with scaling exponent (a-1). Maus and Dimri (1994) have studied in
detail various relationships between the scaling exponents of density and
susceptibility distributions and their respective gravity and magnetic fields for
different dimensions (Table-1).
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Fig.1 a: Susceptibity log measured in KTB pilot hole with simplified geology
(Maus and Dimri, 1995)
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Fig. 1 b: An example of calculation of scaling exponent of the susceptibility log from
KTB pilot hole.

56



Scaling Spectral Analysis: Bansal and Dimri

Table-1: The relation between the scaling exponent of the density/ susceptibility
and gravity/magnetic field in different dimensions (Maus and Dimri,
1994).

3-D (source) | 2-D ( source) 1-D (source) 2-D (field) | 1-D (field, x, vy, z)

Gravity a a-1 o-2 o+l o

Magnetic | o o-1 o-2 o-1 o-2

Calculation of depth values by scaling Spectral Method

The scaling exponent of source distributions can be used as a prior
information in term of parameter covariance matrices in linear inversion (Pilkington
and Todoeschuck, 1990). Maus and Dimri (1995) suggested the computation of
scaling exponents of the field and depth simultaneously from the inversion of power
spectrum. In their method power spectrum can be written as:

P(k) = Ck %% (1)

where P(k) is the power spectrum, o is the scaling exponent of the field, k denotes
wavenumber, C is a constant depending on the properties of source and d is the
depth to the anomalous sources. The parameter o and d are interrelated where
lower values of the scaling exponent leads to higher depth and vise versa. The three

parameters (C, o, d) can be calculated by the inversion method. The equation (1)
may be written in logarithm as:

In P(k)= C-2dk-a In k (2)

Although Maus and Dimri (1995, 1996) developed the methodology for half
space model, the equation (2) can be applied to the multilayer cases with constant
values of scaling constant (Fedi et al., 1997).

Applications

Pilkington and Todoeschuck (1990) used the scaling covariance model in the
inversion of DC resistivity sounding data. The use of scaling noise covariance model
resulted in reduction of the posteriori parameter variances and smoothness of the
solution. The value of scaling exponent from aeromagnetic data over the Canadian
Shield is found as -3 (Gregotski et al., 1991). The value of scaling exponent -3 is
also found from 2-D susceptibility data for the Sierra Nevada Batholith, California
and Flin Flon- Snow Lake Belt, Saskatchewan Island Arch. Canada (Pilkington and
Todoeschuck, 1995). This value is a representation of 3-D crustal susceptibility with
scaling exponent of -4 (Pilkington and Todoeschuck, 1995). The use of scaling
exponent values in deconvolution of aeromagnetic data of northeastern Ontario,
Canada result in enhancing the magnetic field anomalies and delineating the
litological units (Gregotski et al., 1991). Pilkington et al.(1994) studied aeromagnetic
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data from Wollaston Lake and Athabasca Sedimentary Basin in the Canadian Shield.
In the Wallston Lake area sources are exposed and depth to magnetic sources is
corresponds to the flight altitude of 300m whereas in Athabasca
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Fig. 2: Radially averaged power spectrum versus wavenumber of aeromagnetic data
over the Athabasca sedimentary Basin (a) and Wollastone Lake area (after
Maus and Dimri, 2006).
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Fig. 3: Depth estimation by scaling spectral method from gravity data of the Paradox
Basin(after Maus and Dimri, 2005).
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Fig. 4: Variation of scaling exponents with lithology found from aeromagnetic data
over the KTB (Maus and Dimri, 1995).
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Fig. 5: Calculation of scaling exponent and depth values from aeromagnetic data
over the Island of Hawaii (after Maus and Dimri, 1996).
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sedimentary basin depth to magnetic basements is established as 1400 m from the
seismic refraction surveys and individual magnetic anomalies modeling. The
assumption of white noise source distribution result in depth estimation of 1100 m
and 2400 m for the Wollastone Lake and Athabasca sedimentary Basin, respectively
whereas depth values found from scaling spectral method (scaling exponent -3) are
in agreement with seismic refraction studies. On the other hand Maus and Dimri
(1996) calculated the scaling exponent -2.2 for the first area (Wollaston Lake)
constraining the depth equivalent to flight altitude height and used the values of
scaling exponent to calculate the depth values for the second study area (Athabasca
Sedimentary Basin) for half space model and found depth values close to the seismic
reflection studies (Fig. 2) whereas depth estimation for white noise distribution were
overestimated. The fits for different depth values is shown in Fig. 2 for curve (a) for
the constant and scaling exponent found from Wollaston Lake area (curve b). A
depth value of 1.7 km is more suitable (Maus and Dimri, 1996). The gridding of
magnetic data by using scaling information results in smoothing of the data close to
the realistic data as compared to uncorrelated distribution (Pilkington et al., 1994).
Maus and Dimri (1996) applied the scaling spectral method to the gravity survey of
the Paradox Basin Region in south — eastern Utah. The area was earlier study by the
Pawlowski and obtationed depth values of anomalous sources as 5 and 54 km using
Spector and Grant Method whereas application of scaling spectrum method indicate
dominance of scaling properties of source distribution (Fig. 3). The high values of
scaling exponent indicate long range dependency of susceptibility distribution ( Maus
and Dimri, 1996). Maus and Dimri (1995) applied the method to the aeromagnetic
data of the KTB region and found depth value of 61m close to the average flight
altitude of 61.7 m. The different values of scaling exponents for different geological
units were found from the aeromagnetic data over the KTB (Fig. 4) (Maus and Dimri,
1995).

Fedi et al. (1997) have shown the inherent power law relation of power
spectra of magnetic field. They found the unique scaling exponent -2.9 from
aeromagnetic spectra close to -3 (Gregotski et al.,1991; Pilkington and Todoeschuck,
1993; Pilkington et al., 1994). In case of synthetic example of two layer assemblage
of sources at shallower and deeper depths, shallower depth values found by scaling
method is close to the true assumed depths whereas deeper depth values are under
estimated (Fedi et al., 1997). The depth values calculated from the non corrected
power are over estimated in both the cases. The application of scaling spectral
method to the magnetic data of Matonipi Lake, Quebec and Tertiary volcanic lava in
Central America have shown two layer and one layer assemblage of sources,
respectively. This two layer and one layer case is in confirmation of large and short
anomalies in Matinipi Lake area and short wavelength anomalies in Central America
map.

Maus and Dimi (1996) applied the half space model with scaling properties to
the aeromagnetic data of the Island of Hawaii and found depth values approximately
equal to the depth of survey terrain clearance (Fig. 5). The found values of the
scaling exponents is high compare with average values of -3 derived by Gregotski et
al. (1991) from aeromagnetic survey of the North American Continent.

The spectral and scaling spectral methods are applicable to stationary
gravity/magnetic data whereas in real field situation gravity and magnetic data is
non stationary in nature. Therefore Bansal and Dimri (1999, 2001, 2005) suggested
the division of long nonstationary profiles into piecewise stationary profiles by using
the Wiener filter theory and technique is called optimum gate length. The technique
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Fig. 6: A flow chart showing the calculation of optimum gate length (after Bansal
and Dimri, 2005).
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Fig. 7: (a) Synthetic gravity profile and (b) the assumed subsurface model. K1 and

k2 indicate optimum gate length (Bansal and Dimri, 2001).
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Fig. 8: Estimation of optimum gate length for (a) k1 and (b) k2 piecewise stationary
sub-profiles. The minimum error square for k1 and k2 are found at 39 and
60 points corresponding to the length of 78 and 120 km since sampling
interval is 2 km (Bansal and Dimri, 2001).
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Fig. 9: (a) Synthetic magnetic profile generated for an assemblage of bodies with
varying susceptibility(s) in cgs units (b). The found two optimum gate
lengths were shown as k1 and k2 (after Bansal and Dimri, 2005).

was earlier developed for seismic traces by Wang (1969). The optimum gate length
is selected in such a way that the error between the estimated and true time-
varying autocorrelation function is minimum and thus stationarity is maintained in
the computed length. The technique of dividing non-stationary gravity and magnetic

profiles is consists of following steps:

First, assume a small reasonable length of the profile.

Calculate the coefficients of cosine transform.

* & 6 O o o

Taylor coefficients.

Divide the assumed length into three parts and mark the middle of each part.
Calculate the time-invariant autocorrelation function for each part.
Write these autocorrelation functions in cosine transform.

Expand these coefficients in Taylor-series upto second term and calculate the

¢ Calculate the time- varying auto correlation function, ¢xx(t2,T) from following

equation :

P (t,,7) = Zx(t+t + )x(t+t ——)

L=

Where t, = L/2

(3)
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¢ Compute the gate length as:

1/5

L =144 Lz_igbxx(tz,f)zzn:zn:wiwj (4)
7=0

i=1 j=1

where

¢ Oxx(t2,7) is time-varying autocorrelation function,

¢ Wi wjare Taylor coefficients.
+ Calculate the error square between the assumed and calculated length.

If the error square between the assumed and computed length is more, then
assume a new value of length of the profile and again compute the gate length by
above mentioned procedure. Repeat the whole process until a minimum error square
is reached.

After selecting the optimum gate length for the first subsection, repeat the
procedure for the remaining profile until whole of the profile is covered. While
choosing the optimum gate length one should preserve the wavelength of anomaly.
The anomaly of a sub-profile should not be cut in between i.e. the length of section
should not be less than the wavelength of anomaly. The procedure of calculating the
optimum gate is also presented in Fig. 6. The optimum gate length were further used
to calculate depth values from scaling spectral method (Bansal and Dimri, 1999,
2001, 2005). This scheme of two steps is tested on the synthetic gravity (Bansal and
Dimri, 2001) and magnetic profiles (Bansal and Dimri, 2005). The synthetic gravity
profile was generated for two sets of assemblages of bodies: one shallower with high
density contrast and the other deeper with less density contrasts (Fig. 7) (Bansal and
Dimri, 2001). The application of optimum gatelength technique results in division of
two piece-wise stationary profiles marked as k1 and k2 of length 78 km and 120 km
in Fig. 7. The optimum gate length is corresponds to the minimum error square
between the assumed and achieved gate length (Fig. 8). The depth values were
calculated from these piecewise stationary profiles by applying the scaling spectral
approach. The comparison of computed and assumed depth values were presented in
Table 2. From the table 2 it can be seen that computed depth values are close to the
assumed depth values. A synthetic magnetic profile were generated for an
assemblage of sources with top at a depth of 1.5 and 2.0 km extended down upto 30
km for susceptibility distribution shown in Fig. 9 (Bansal and Dimri, 2005). The
optimum gate length technique divided it into two stationary sub-profiles of lengths
75 and 93 marked as k1 and k2 in Fig. 9. The depth values calculated from scaling
spectral method using maximum entropy method were found as 1.5 km and 1.8 km
corresponding to k1 and k2, respectively are close to the assumed depth value of 1.5
and 2.0 km (Bansal and Dimri, 2005). Bansal and Dimri (1999, 2001, 2005) further
applied this scheme to real gravity and magnetic data along Nagaur - Jhalawar and
Jaipur - Raipur transect. They found calculated depth values are close to the depth
values found from the seismic methods.
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Table-2: Comparison of depth values calculated from piece stationary sub profiles
(k1 and k2) using scaling spectral method and true assumed depths
(Bansal and Dimri, 2001).

k1 k2
Assumed Depth Calculated Depth Assumed Depth (km) Calculated Depth
(km) (km) (km)
4 3.8 7 6.6
20 --- 22 23.9
Conclusions

Following conclusions can be made about the use of scaling spectral method
for calculating depth values from scaling spectral method:

1. The scaling distribution of the sources is close to the realistic distribution of
the sources.

2. The depth estimations of anomalous sources from the scaling spectrum
method are close to the real values whereas uncorrected power spectrum
results in overestimation of depth values.

3. The power spectrum corresponding to lower wavenumbers may be dominated
by the scaling properties rather than depth information.

4. The calculation of scaling exponents and depth from the field data are inter-
related. A higher value of scaling exponent results in lower values of depth
and vice versa. Information from the boreholes can be used as preliminary
information.

5. The values of scaling exponents may be anisotropic different for horizontal
and vertical direction.

6. The values of scaling exponents may vary with depth.

7. The information about the scaling parameter is useful for gridding the data,
deriving the lithology and source properties.

8. The longer profiles and larger areas may contain non-stationary gravity and
magnetic data. Therefore before applying the scaling spectral method data
should be divided into piece-wise stationary data sets.
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