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ABSTRACT

The separation of regional and residual
anomalies is a challenge in gravity data
analysis. This study offers a new perspective
by comparing gravity anomaly separation
using the upward continuation method and
wavelet transformation. This study uses
airborne gravity measurements from the
Indonesian Geospatial Information Agency
survey in the Muria Peninsula. Airborne
gravity data in the form of Free Air Anomaly
(FAA) is corrected for Bouguer and terrain
effects to produce the Complete Bouguer
Anomaly (CBA). The CBA is then processed
using both upward continuation and wavelet
transformation to obtain regional and
residual anomalies. The results show that
regional and residual anomalies derived from
the upward continuation and wavelet
transformation methods yield similar values.
Regional anomalies range from 17 to 38
mGal, while residual anomalies range from -
85 to 35 mGal. The regional anomaly
obtained through wavelet transformation
successfully detects deeper anomalous
sources, particularly the magma conduit
between Mount Muria and Mount Genuk.
Residual anomalies identified using wavelet
transformation reveal shallow anomalous

structures, including calderas and maars
around Mount Muria, the Patiayam
Formation at Mount Genuk, and local faults
in the Rembang Fold Zone.

Keywords: Gravity airborne, regional and
residual anomaly, upward continuation,
wavelet transform, Muria Peninsula

INTRODUCTION

Various geophysical methods are used to
study the earth's subsurface structure, one of
which is the gravity method. This method is
considered one of the most effective
techniques for identifying density variations
in the earth's subsurface [1,2]. Initially,
gravity measurements relied on conventional
single-pendulum methods, which were
relatively complex [3,4]. Over time, modern
techniques using gravimeters and satellites
have been developed [5]. However, land-
based gravimeter surveys can be time-
consuming, and satellite-based
measurements rely on mathematical models
of the Earth, resulting in lower data
resolution. A more effective approach is
airborne gravity, which involves
measurements taken from an aircraft.
Airborne gravity allows for rapid data
acquisition over large areas and facilitates
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surveys in regions with
topography and terrain [6].
The measurement of earth's gravity field
presents a unique challenge, as the readings
encompass all field sources, from shallow
basement rocks to the deeper mantle [7]. The
response of field sources at various depths
correlates  with  wavelength.  Longer
wavelengths correspond to deeper field
sources, while shorter wavelengths indicate
shallower sources [8,9]. In some cases, long-
wavelength field sources are utilized for
regional studies, such as Moho depth
investigations [10-12]. Conversely, short-
wavelength field sources are used to analyze
shallow residual structures, such as basement
lithology [13,14]. Thus, the terms regional
and residual gravity fields refer to two
distinct field sources, depending on the
study's scope.

Regional and residual field sources can be
separated using various methods to facilitate

challenging
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interpretation [15]. Some commonly used
methods include upward continuation,
polynomial fitting, trend surface analysis,
and moving average filtering [16-19]. These
methods are based on filtering processes and
are often used due to their practicality and
simplicity. Another method that is still rarely
applied to gravity data is wavelet transform.
This study provides a comparative analysis
between the upward continuation method
and wavelet transform and applies these
techniques to evaluate Bouguer anomalies in
the Muria Peninsula. The findings of this
study present new insights into Bouguer
anomalies based on airborne gravity data in
the Muria Peninsula, which have not been
explored before.

MATERIALS & METHODS
Airborne Gravity Survey
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Figure 1. Airborne gravity survey lines in the Muria Peninsula Area

This research utilizes airborne gravity data
and DEM data. The airborne gravity data
were collected in 2019 through a joint project
between the Indonesian  Geospatial
Information Agency and National Chiao
Tung University. Data acquisition was
conducted using an aircraft equipped with a

GPS Aerocontrol 11b at an average altitude of
4 km above sea level. The airborne gravity
data include coordinate data, free-air
anomaly (FAA), ellipsoidal height, and
orthometric height. The DEM data used in
this study is the SRTM DEM with a 30 m
grid resolution. Both datasets cover the entire
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study area, which spans 86 km x 70 km in the
Muria Peninsula region.

As shown in Figure 1, the flight path was at
an altitude of 4 km, requiring reduction to
minimize noise caused by aircraft movement.
Equation (1) represents the principle of
airborne gravity measurements [20].

g =(fz—fb)—ﬁ+§o[zwecos<o+

(Ry +z)] (Rym +z) (1)
Equation (1) explains that gravimeter
readings at altitude z are £, dan f,, while the
last two terms represent the effect of gravity
variations due to changes in centrifugal
acceleration caused by velocity direction
changes (eotvos effect). Components such as
z,1, v, vy are obtained through GPS and
IMU. Additional reductions, such as
downward continuation, are also applied to
obtain gravity values at geoid height. Gravity
data reduction, including Bouguer and terrain
corrections, is implemented to derive the
CBA, which is mathematically represented
in Equation (2) [21].

AgpL = gobs — (Gn —FA+ B —=T) (2

Agg,; represents the CBA, gogs IS the gravity
observation, g, is the normal gravity, FA is
the free air anomaly, B is the Bouguer
correction, and T is the terrain correction.
CBA is a superimposed dataset consisting of
regional and residual anomalies. The
regional and residual data are obtained
through filtering methods, namely upward
continuation and wavelet transformation.

Upward Continuation

Upward continuation is a mathematical
technique used to separate shallow gravity
anomaly sources from deeper sources. It
calculates anomaly values at a point below
the surface, at the mean sea level, and at a
height h above the surface. The gravitational
attraction caused by a mass element (dm) at
coordinates (Xo, Yo, Zo) at a distance R (X, y,
z) is expressed in Equatlon (3) [22].

dg _ Gdm (3)

Rz (x- xo)2+(y y0)2+(z Z)?

The vertical anomaly dg, contributes to the
source at the mean sea level point, as shown
in Equation (4).

Gdm z

dg, = Ago = 72 de—=

Gdm o) 4272 )

Therefore, the projection of the anomaly at a
height h above sea level is expressed in
Equation (5).

Agp _ Gsdzmz-;h — Gdm (z;—h) _

Gdm

(z+h) (5)

[(x=x0)2+(y=¥0)?+(z+h)?]3/2
Equation (5) expresses the gravitational
attraction caused by a mass element (dm)
beneath the surface at (Xo, Yo, zo) at a height
h above sea level. The upward continuation
method can directly separate anomaly
sources with long and short wavelengths
[23].

Wavelet Transform

Wavelet transform can be considered an
extension of the Fourier transform. While the
Fourier transform provides frequency
resolution, the wavelet transform offers both
frequency and time resolution. The ability to
analyze data in greater detail using wavelet
transform is known as multiresolution
analysis. The wavelet transform can provide
detailed local signal results according to the
desired frequency. Another advantage of the
wavelet transform is its ability to analyze
non-stationary signals, making it an effective
tool for geophysical data analysis. Physical
phenomena can be processed into more
recognizable objects, smoothed objects, and
compressed objects [24].

There are two types of wavelet transform,
Discrete Wavelet Transform (DWT) and
Continuous Wavelet Transform (CWT).
DWT is more commonly used in research as
it requires less processing time. DWT
separates signals into high-frequency and
low-frequency components. The
fundamental ~ function of DWT s
mathematically expressed in Equation (6)
[25].

‘Parb(t)=\/—15‘{1(t%a)a,beR,a>0 (6)

With a and b representing the scale and shift
factors, respectively [26]. High frequencies
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are obtained using a high-pass filter, while
low frequencies are obtained using a low-
pass filter. This process is known as signal
decomposition, which is mathematically
expressed in Equation (7).

AG(x,y) = Apf(x,y) + X5, X2 Df f (%, ) (7)

With Ag(x,y) representing the complete
Bouguer anomaly, p denoting the order of the
wavelet, A, f (x, y) as the approximation field
of order p obtained from the low-pass filter,
and Dff(x,y) as the detail field of order p
obtained from the high-pass filter. After the
signal is decomposed, thresholding is applied
to determine the threshold value based on the
rule given in Equation (8).

v _(wi]w;] = A
hard = {0|a)l| < A}

sgn(wy) * (log] = A)|w;| = A
Yore ={ oA l®
The threshold can be set as a hard or soft
function. The hard threshold function sets the
signal to zero if its value is below the
specified threshold. The soft threshold
function sets the signal to zero and reduces
the signal if its value exceeds the specified
threshold. The final phase in wavelet
transform for anomaly separation is
reconstruction. Reconstruction can utilize
detail coefficients from level 1 to N [25].

RESULT
Complete Bouger Anomaly

Complete Bouger Anomaly Contour Map
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Figure 2. Complete bouger anomaly map

CBA resulting from a series of FAA data
reductions is shown in Figure 2. The CBA
values range from -60 to 70 mGal. The red
color on the contour map indicates high CBA
values (30 to 70 mGal), found in the northern
to northwestern areas of Mount Muria and

the Rembang Fold Zone to the south. The
green and yellow colors represent moderate
anomalies (-10 to 30 mGal), distributed in the
area between Mount Muria and the Rembang
Fold Zone. The blue color indicates low
anomalies (-60 to -10 mGal), found at the
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summit of Mount Muria, Mount Genuk, and method, while Figures 2(c) and 2(d) present

around the Patiayam Dome. the results of anomaly separation using the
wavelet transform method. The obtained
Regional and Residual Anomaly values for the regional anomaly range from

The separation of the CBA was performed 17 to 38 mGal, while the residual anomaly
using the upward continuation method and  values range from -85 to 35 mGal. The
wavelet transform. Upward continuation was  regional results exhibit a similar response,
applied at an altitude of 15,000 meters, where ~ where the low anomalies smoothly align in a
the regional contours became smooth, and southwest—northeast direction. Similarly, the
the residual contours highlighted shallow  residual anomalies reveal detailed shallow
anomaly sources. The wavelet transformwas  anomaly sources, including Mount Genuk in
conducted by applying a signal denoising  the north, Mount Muria in the center, and the
function based on a threshold. Figures 2(a) Patiayam Dome in the southeast of Mount
and 2(b) show the results of anomaly Muria.

separation using the upward continuation

Contour Map Regional and Residual Anomaly
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Figure 3. Results of Anomaly Separation (a) Regional anomaly using the upward continuation method,
(b) Residual anomaly using the upward continuation method, (c) Regional anomaly using the wavelet
transform method, (d) Residual anomaly using the wavelet transform method

Correlation anomaly separation results obtained through
Figure 4, the Pearson correlation graph, the upward continuation and wavelet
shows a positive correlation between the  transform methods. The correlation results
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are 0.81 for the regional anomaly and 0.98
for the residual anomaly, indicating a strong
relationship between the two anomaly
datasets. The correlation value for the
regional anomaly is slightly lower than that
of the residual anomaly due to the influence
of a more complex regional trend. The high
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correlation value in the residual anomaly
suggests that both methods can be used for
anomaly separation with minimal error. The
more linear residual pattern indicates that the
residual anomaly is more focused on local
variations  without interference  from

complex regional trends.
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Figure 4. Correlation graph of the upward continuation method and wavelet transform method

DISCUSSION

The CBA map in Figure 1 illustrates the
distribution of gravity anomaly values across
the Muria Peninsula. High CBA values in the
northern region of Mount Muria are
associated with rock structures of high
density, which originate from volcanic rocks
formed by the activity of Mount Genuk and
Mount Muria. Moderate anomaly values
between Mount Muria and the Rembang Fold
Zone correspond to lowland areas filled with
alluvial deposits. Low anomaly values are
observed in Mount Muria and Mount Genuk,
which are influenced by terrain correction
effects that reduce gravity readings due to
elevation. Additionally, the low gravity
anomaly in Mount Muria is attributed to the
presence of a caldera-shaped basin at the
mountain's peak, while its slopes are
surrounded by Maar Formations. Mount
Genuk exhibits a low anomaly due to the
presence of the Bulu Formation.

The regional and residual anomaly contour
maps are shown in Figure 2, revealing
variations in subsurface density models. The
regional anomaly, with a range of 17 to 39

mGal, features smooth contours, indicating
the presence of deeper anomaly sources. The
residual anomaly, ranging from -85 to 35
mGal, has highly varied contours, suggesting
shallow subsurface anomaly sources. Both
regional and residual contours exhibit the
same trends in the results obtained from
upward continuation and wavelet transform
methods. Therefore, both methods can be
utilized for gravity data analysis.

The regional anomaly map reveals similar
contour trends at several locations. Notably,
in the southern part of the study area, which
geologically belongs to the Rembang Fold
Zone, this region is known for tectonic
folding accumulation that has occurred since
the Pliocene epoch, resulting in relatively
high anomalies ranging from 29 to 30 mGal
[27]. The smooth blue contours indicating
low anomalies dominate the regional
anomaly results. A slight difference between
the two methods is observed, where the
upward continuation results form a relatively
high closure (green-colored) southwest of
Mount Genuk. In contrast, the wavelet
transforms results display a low anomaly
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trend forming a closure extending to Mount
Genuk. This suggests that the regional
wavelet transform results better represent
subsurface anomaly conditions, aligning
with previous studies that indicate Mount
Genuk and Mount Muria are connected
through an underground magma channel
[28].

The residual anomaly results provide more
detailed information in specific areas such as
Mount Muria, Mount Genuk, and the
Rembang Fold Zone. The residual anomaly
values from the upward continuation method
range from -62 to -40 mGal in Mount Muria,
-61 to -16 mGal in Mount Genuk, and -3to 5
mGal in the Rembang Fold Zone.
Meanwhile, the wavelet transforms residual
anomaly values range from -72 to -20 mGal
in Mount Muria, -63 to -18 mGal in Mount
Genuk, and -14 to 6 mGal in the Rembang
Fold Zone. The wavelet transforms results
for Mount Muria provide a more detailed
depiction of the volcanic peak structure,
where a sharp, very low anomaly at the
mountain’s center indicates the presence of a
caldera and maar formations [29,30].
Similarly, in Mount Genuk, the significant
anomaly range observed in the wavelet
transform results suggests the presence of
volcanic rocks and the Bulu Formation [28].
In the Rembang Fold Zone, the wavelet
transforms residual anomaly results reveal
more  detailed geological structures,
capturing an east-west trending lineament.
This lineament indicates the presence of a
local fault [31].

The regional and residual results from the
wavelet transform method show a broader
range of values than those from the upward
continuation method. This comparison
indicates that anomaly separation using the
wavelet transform produces sharper results
than upward continuation. This is because
wavelet anomaly separation employs a
multiresolutional decomposition function,
allowing for anomaly separation at various
scales without sacrificing spatial resolution.
In contrast, upward continuation smooths the
data, sometimes causing the loss of shallow
anomaly details. However, overall, both

methods exhibit compatibility, as illustrated
in Figure 4, where the correlation values
approach 1.

CONCLUSION

The wupward continuation and wavelet
transform methods produce the same trend,
with a value range of 17 to 38 mGal for the
regional anomaly and -85 to 35 mGal for the
residual anomaly. This study provides a new
perspective, showing that the wavelet
transforms method yields sharper regional
and residual anomalies compared to the
upward continuation method. The sharpness
of the wavelet transform results is evident in
both regional and residual anomalies, where
a broader value range is observed at several
points, such as Mount Muria, Mount Genuk,
and the Rembang Fold Zone. The regional
anomaly from the wavelet transform method
can indicate a possible connection between
the magma pathways of Mount Genuk and
Mount Muria. The residual anomalies in
Mount Muria, Mount Genuk, and the
Rembang Fold Zone also provide detailed
results, revealing geological structures such
as calderas, maars, and local faults.
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