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Abstract

In this study, we introduce the Upward Continuation Restriction to Decomposition (UCRD) framework, an
upward-continuation-based decomposition approach for reconstructing subsurface structural geometry
directly from Bouguer gravity anomalies. The method applies multi-level upward continuation using
exponentially increasing continuation heights to separate the gravity field into restricted wavelength levels
associated with different depth intervals. These levels are subsequently transformed through a three-
dimensional analytic signal and a scale-adaptive normalization procedure to generate scaled restricted
wavelength (SRWL) representations that preserve anomaly polarity, enhance structural continuity, and

provide physically interpretable images of gravity-source geometry.

To complement structural reconstruction with depth information, UCRD is integrated with the Normalized
Full Gradient (NFG) method. In this combined framework, UCRD provides geometric characterization of
subsurface structures, whereas NFG supplies quantitative depth constraints. The methodology is validated
using three synthetic gravity models of increasing complexity, including isolated bodies with varying
density contrasts, overlapping prisms, and laterally extensive stepped structures. The results demonstrate
that UCRD successfully delineates horizontal and vertical structural geometries over a wide range of source
depths, while NFG reliably identifies corresponding depth positions even in geometrically complex

environments.
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The proposed UCRD-NFG workflow operates directly on gravity data without requiring inversion, prior
geological information, or computationally intensive optimization procedures. Consequently, it provides an
efficient and model-independent framework for gravity interpretation and can serve as a valuable
preliminary characterization tool for subsequent forward modelling, inversion, and integrated geophysical

investigations.
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1. Introduction

Gravity data interpretation remains one of the most fundamental and widely applied approaches
for investigating subsurface density heterogeneity because the observed gravity field reflects
spatial variations in subsurface density contrasts across a wide range of scales and its applicability
across a broad range of geological environments (Balmino et al., 1999; Pail, 2023), from
sedimentary basin analysis to lithospheric-scale investigations (Ismail-Zadeh et al., 2020). The
observed gravity field reflects the cumulative response of density contrasts within the Earth,
providing indirect but spatially continuous constraints on subsurface structure. Gravity
measurements do not directly sample geological materials; instead, they detect variations in the
gravitational field arising from density heterogeneities at depth. Consequently, gravity data
provide an efficient means of investigating subsurface structural configurations over regional to
continental scales (Blakely, 1995; Hinze et al., 2012), particularly in areas where direct

observations are limited or unavailable.
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Despite these advantages, gravity interpretation remains fundamentally non-unique because
substantially different density distributions can generate similar anomaly responses (Blakely,
1995). This inherent ambiguity has motivated the development of a wide range of interpretation
methodologies, including forward modelling, inversion, transformation-based enhancement, and
more recently machine-learning approaches. Inversion techniques aim to estimate subsurface
density distributions from observed gravity anomalies (Oldenburg, 1974; Li & Oldenburg, 1998;
Zhao et al., 2018; Zhang et al., 2018), while joint inversion strategies incorporate complementary
geophysical information to improve model reliability (Gallardo & Meju, 2004; Leli¢vre et al.,
2012; Lin & Zhdanov, 2018; Ming et al., 2024). Similarly, forward-modelling approaches
reconstruct subsurface geometry by matching observed anomalies with assumed structural
configurations (Talwani & Ewing, 1960; Nagy, 1966), but their effectiveness depends strongly on
prior geological constraints, model parameterization, and assumptions regarding structural
complexity (Zhdanov, 2002; Farquharson & Oldenburg, 2004; Bosch et al., 2010; Moorkamp et

al., 2011).

To reduce reliance on prior information, numerous transformation-based methods have been
developed to extract structural information directly from gravity data. Classical approaches include
upward continuation (Nettleton, 1954; Jacobsen, 1987), polynomial surface fitting (Agocs, 1951;
Simpson, 1954), spectral analysis (Spector & Grant, 1970), wavelet decomposition (Fedi &
Quarta, 1998; Xu et al., 2009), and nonlinear filtering (Keating & Pinet, 2011). Among these
methods, the analytic signal transformation has become one of the most widely used enhancement
techniques because it emphasizes the magnitude of gravity-field gradients independently of
anomaly polarity, making it particularly effective for structural mapping and source-boundary

delineation (Nabighian, 1972; Debeglia & Corpel, 1997; Nabighian et al., 2005a; Doo et al., 2009).
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Another important gradient-based approach is the normalized full gradient (NFG) method,
originally developed by Berezkin and co-workers (Berezkin & Buketov, 1965; Berezkin, 1967,
1973, 1988) and subsequently refined for potential-field interpretation (Elysseieva & Pasteka,
2018; Alipour et al., 2023a, 2023b; Wang et al., 2025). Recent developments include iterative
structural reconstruction approaches such as ITRESC (Florio, 2018) and the growing application
of machine-learning techniques for gravity interpretation (e.g., Meng et al., 2025; Zhanakulova et
al., 2025). Alongside these advances, the NFG method has gained renewed attention as a powerful
approach for enhancing structural features and characterizing source depths in potential-field data

(Elysseieva & Pasteka, 2018; Alipour et al., 2023a, 2023b; Wang et al., 2025).

By analyzing normalized gradient responses, NFG improves the identification of structural
boundaries and provides valuable information regarding source depth. Nevertheless, the method
remains fundamentally gradient-based, and therefore primarily responds to spatial variations in the
anomaly field rather than directly representing density polarity or the complete geometry of the
causative body. Bodies with opposite density contrasts may produce similar normalized responses,
while laterally extensive structures often exhibit diminished responses over their central regions.
Consequently, NFG and related gradient-based techniques are highly effective for detecting edges
and estimating depth, but they do not directly reconstruct the full spatial geometry of subsurface

structures (Alipour et al., 2023b).

More broadly, most existing gravity-processing techniques focus on anomaly enhancement,
boundary detection, wavelength separation, or density estimation. Although these approaches
provide valuable interpretational information, relatively few methods are specifically designed to
reconstruct the overall structural geometry of gravity-source bodies directly from gravity

anomalies while preserving anomaly polarity and requiring neither inversion nor external
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geological constraints. This limitation motivates the development of a complementary framework
capable of transforming gravity anomalies into physically interpretable representations of

subsurface structural geometry.

To address this challenge, we introduce the Upward Continuation Restriction to Decomposition
(UCRD) framework, an upward-continuation-based decomposition methodology for
reconstructing subsurface structural geometry directly from gravity anomaly data. The method
applies controlled multi-level upward continuation to separate the gravity field into restricted
wavelength levels associated with different spatial scales and depth ranges. A three-dimensional
analytic signal transformation is subsequently applied to each decomposed level, followed by a
scale-adaptive normalization procedure that restores physical units (mGal), preserves anomaly
polarity, and enhances structural continuity. The resulting scaled restricted wavelength (SRWL)
representations provide physically interpretable images that facilitate direct visualization of

subsurface structural geometry.

Because potential-field (gravity) data suffer from inherent non-uniqueness in depth estimation,
structural reconstruction through UCRD is complemented by the normalized full gradient (NFG)
method. Within this integrated framework, UCRD provides geometric characterization of
subsurface structures, whereas NFG supplies independent depth constraints. The combined
methodology therefore enables simultaneous interpretation of structural geometry and source

depth within a unified and computationally efficient workflow.

The proposed framework is evaluated using three synthetic gravity models representing a range of
structural complexities, including isolated bodies, overlapping structures, and laterally extensive
sources. These tests assess the capability of the UCRD-NFG framework to reconstruct structural

geometry, resolve spatial complexity, and characterize source depth. The results demonstrate that
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the proposed methodology provides a practical and computationally efficient approach for gravity
interpretation and can serve as a valuable preliminary characterization tool for subsequent forward

modelling, inversion, and integrated geophysical investigations.

2. Methods

The structural reconstruction component of this study follows the multi-level gravity interpretation
framework introduced in Alipour et al. (2025 preprint), while the depth-constraint analysis is

independently based on the NFG development of Alipour et al. (2023b).

We adopt a right-handed Cartesian coordinate system (x,y,z), with x and y representing the
horizontal directions, and z positive upward from the geoid. Each gravity measurement is located
at P; = (x;,y;,z;) with z; equal to the station elevation above the geoid. We retain true z; (no
flattening to z = z;) to preserve topographic sensitivity. Subsurface sources follow the same

convention, a density source at depth d beneath station i is positioned a z; = z; — d (< 0).
2.1 Multi-Level Upward Continuation and Frequency Band Decomposition

We isolate short-wavelength (shallow) and long-wavelength (deep) contributions by performing
multiple upward continuations (Blakely, 1995). Let Uy(x,y) = U(x,y,z;) be the Bouguer
anomaly sampled at the true station elevations z;. The upward continuation of a field U from
height z; to z; + Az in the wavenumber domain is (Henderson & Zietz, 1949; Henderson, 1970;

Blakely, 1995; Ravat, 2007):

U(x, Y, Z; + AZ) = ff U(le ky;Zi)e_kAZei(kxx+kyy)dkxdky (1)
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where Az is the continuation height (Az >0 upward) and k = \/kZ + k% is the radial

wavenumber.

The first upward continuation U; is computed with a vertical increment Az;. We choose Az; to
balance horizontal sampling and noise level; it must not be too small relative to the horizontal
sampling interval to avoid aliasing (Blakely, 1995), and it should not amplify reduction errors

(Heath, 2018).

The first restricted wavelength level is then:

RWL (x,y) = Uo(x,y) — Ur(x,y) )

which isolates the shortest spatial wavelengths (shallowest sources).

To efficiently investigate progressively deeper source levels, the vertical spacing between

successive continuation heights is increased according to the empirical relationship:

Az, = Az, exp(n—1),n=2,..,N 3)
The suggested empirical relationship (Eq.3) provides a smooth and efficient progression between
two regimes, preserving sensitivity to shallow structures while avoiding unnecessary oversampling
at greater depths. Dense sampling is preferred at shallow levels where short-wavelength anomalies
contain significant structural detail, whereas progressively larger spacing becomes sufficient at
greater heights as the field becomes increasingly dominated by long-wavelength regional
components. The process stops (n = N) when the amplitude of the deepest average RW Ly falls

below average response of RW L,.

At each step, the continued field is computed in the Fourier domain (We define forn = 1...N):
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Un(x,y) = FHF[Un_11(kz, ky Jexp (=IIklIAZ)} K| = k2 + K3 (4)

and the corresponding restricted level is:

RWLy(x,y) = Up-1(x,¥) = Un(x,¥) )
Each RWL,, isolates anomalies whose dominant wavelengths correspond to distinct depth
intervals. Although perfect spectral separation is unattainable due to band overlap and finite-grid
effects (Blakely, 1995; Prabhu, 2014), zero-phase cosine tapering and symmetric domain padding
minimize cross-band leakage and edge artifacts (Prabhu, 2014). UCRD reconstructs the full 3D

anomaly field by stacking these band-limited layers from shallowest to deepest.
2.2 Analytical Signal and Scale Normalization

To enhance lateral structural expression, we apply the three-dimensional analytic signal

transformation (Nabighian, 1972; Nabighian et al., 2005a; Debeglia & Corpel, 1997; Doo et al.,

2009) to each RW L,:
AS, (6, ) [] = J (O RW Ly (,))? + (O RWLy (x,)) + (0,RW Ly (%, 7))? (6)

The analytic signal amplitude is always positive and peaks at density contrast edges. To enable

inter-level comparison, we apply a scale normalization. First, compute the spatial mean of AS,;:

maGal

A_Sn[ ] = mean{AS,(x,y)} (7)

km

Then define a level-specific scale factor based on the dynamic range of RWL,,:

max(RWLy(x,y))[mGal]-min(RWLy, (x,y)) [mGal]

ASn(XY) 141 ASn(x,y))
max( o )[1] mln( o [1]

SE,[mGal] = (8)

Finally, the scaled restricted wavelength level is:
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SRW Ly (x, y)[mGal] = sgn(RW Ly (x,y))[1] - (222 [1] - SF, [mGal] ) 9)

ASy,
This procedure restores the physical units of the gravity field based on scaling factor (SE,[mGal])

and preserves anomaly polarity by combining the normalized analytic signal amplitude (%Sx'y)

with the sign of the original band-limited anomaly (sgn(RW L, (x,¥))). The resulting SRWLn maps
capture both magnitude and direction of lateral density contrasts at each depth level, enhancing the

visibility of features that may be obscured in the raw gravity field.

Following decomposition of the gravity field into (SRWLn) components, the complete set of
SRWL levels is integrated to reconstruct the geometry of the causative anomalous bodies. Each
SRWL map corresponds to a different upward continuation height and therefore reflects a distinct
stage of spectral attenuation, with shallow-source effects progressively reduced as continuation
height increases. When analyzed collectively, these maps provide a pseudo-three-dimensional
representation of the anomaly evolution, allowing the lateral continuity, structural configuration,
and relative persistence of anomalous features to be examined across successive continuation
levels. Although upward continuation does not yield direct depth information, the progressive
suppression of short-wavelength components enables deeper source contributions to become
increasingly prominent relative to shallow anomalies. Horizontal maps and vertical sections
constructed from the ensemble of SRWL levels therefore provide a useful framework for

visualizing and interpreting subsurface geometry.
2.3 NFG

The NFG method is based on the downward analytical continuation of gravity data. Analytical
continuation enhances the expression of subsurface density contrasts and structural features that

may be poorly resolved in the observed gravity field (Aydin, 2007). As the gravity field is
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analytically continued downward, characteristic variations develop in the vicinity of the causative
masses, providing additional information on source geometry and location (Berezkin, 1988;
Aydin, 1997a). In practice, the normalized full gradient (NFG) is preferred to the continued gravity
field itself because of its greater stability and its ability to delineate the positions of anomalous

source bodies more effectively.

The gravity anomaly data along the x-axis can be expressed as a sum of sine and cosine functions
(Ciancara & Marcak, 1979; Bracewell, 1984; Blakely, 1995; Pasteka, 2000) and computed in the
frequency domain using a Fourier-series formulation following Berezkin (1973). In this approach,
the superposition of harmonic sine and cosine components, allowing spatial derivatives and
continuation operators to be evaluated efficiently. Consequently, the NFG operator can be applied
to gravity anomaly data following downward analytical continuation. In the frequency domain, the
downward continuation process is performed at each continuation level z using a Fourier-series

representation, yielding:

Ag(x,z) = ¥N_, B, sin (nLﬂ) exp (E) (10)

L

The Fourier series expresses a periodic function in terms of its harmonic components, where B,, is
the Fourier coefficients and n denotes the harmonic number (Bracewell, 1984; Blakely, 1995).
Using Eq. (10), the gravity anomaly field, 4g(x, z), can be analytically continued to positions
above and below a specified reference plane along the z-axis (Berezkin & Buketov, 1965;

Berezkin, 1973; Zeng et al., 2002).

B, = %fOLAg (x,0)sin (?) dx (11)

10
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When a sine Fourier-series representation is employed, the interpreted function must satisfy zero
boundary conditions at the profile endpoints (x = 0 and x = L) (Elysseieva & Pasteka, 2018). To
satisfy this requirement, a linear trend is commonly removed to avoid edge discontinuities;
however, this procedure may also suppress meaningful regional components of the gravity field.
Bouguer gravity anomalies inherently contain both short-wavelength contributions associated with
shallow sources and long-wavelength components related to deeper crustal and lithospheric
structures. To preserve the full wavelength content while mitigating edge effects, the NFG method
is applied together with a signal-mirror extension strategy, which avoids artificial discontinuities

without removing long-wavelength information (Alipour et al., 2023b)

Evaluation (11) is performed using numerical integration. A stable numerical scheme based on the
trapezoidal rule has been adopted in subsequent implementations of the NFG approach (Dondurur,
2005; Aydin, 2007; Aghajani et al., 2009a). Within this framework, a central challenge is the
selection of the optimal number of harmonics (N), which directly controls the stability and
resolution of the harmonic response. In the conservative formulation of the normalized full
gradient (NFG) method, the optimal number of harmonics (N) is determined using N-value
analysis (Zeng et al., 2012). The concept of N-restricted processing has been extensively
investigated in previous studies (Aydin, 1997a; Berezkin, 1988; Dondurur, 2005; Sindirgi et al.,
2008; Aghajani et al., 2009a, 2009b, 2011; Orug, 2011; Zhang & Meng, 2015; Xuan et al., 2018,

Elysseieva & Pasteka, 2018, Alipour et al., 2023b).

Several strategies have been proposed for estimating N. Aghajani et al. (2009a, 2009b, 2011) and
Xuan et al. (2018) relate the optimal N to the maximum NFG response, where local maxima are
interpreted as indicators of characteristic source positions. Alternative approaches include spectral

analysis of log10(B,?) in which breakpoints in the spectrum define the truncation level (Elysseieva,

11
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2004; Orug, 2011), as well as multi-band harmonic evaluation (Aydin, 2007; Sindirgi et al., 2008)

and hybrid criteria combining depth, maximum NFG, and error metrics (Zhang & Meng, 2015).

Following Alipour et al. (2023b), we adopt a robust adaptive procedure for determining N and
resolving complex anomalous structures. First, an upper bound for N is estimated from the
relationship between logio(B,*) and increasing harmonic numbers. NFG responses are then
computed sequentially across harmonic levels up to this limit. At each spatial position, the
maximum NFG value across all harmonics is extracted, and these maxima are subsequently

integrated to construct the final NFG model.

As demonstrated in Alipour et al. (2023b), tracing maximum NFG responses across successive
harmonic intervals provides a practical criterion for imaging and depth interpretation of complex
gravity anomalies. The progressive behavior of NFG maxima across the harmonic spectrum offers
a consistent framework for relating long- and short-wavelength gravity responses. Accordingly,
this study adopts maximum-response tracing as the principal imaging criterion within the NFG
workflow. When interpreted alongside the structural information derived from the UCRD

framework, the resulting images become more coherent.

The performance of the proposed methodology is evaluated using three synthetic models presented
in the following section. Since the theoretical basis and numerical implementation of the NFG
method have been comprehensively established in previous studies, only those aspects required

for the present application are considered here.

3. Synthetic tests

12
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To evaluate the capability of the UCRD and NFG frameworks for structural reconstruction and
depth characterization from gravity data, three synthetic models of increasing structural
complexity were designed (Fig. 1). The models were selected to examine the performance of the
proposed methodology under a range of scenarios, including isolated bodies, overlapping sources,

and laterally extensive multi-level structures.

The first synthetic model (Fig. 1a; Table 1) consists of six cubic bodies with different dimensions,
depths, and density contrasts, together with three stepped structures. This model provides a
comprehensive benchmark for assessing the ability of the proposed methodology to resolve
multiple isolated and adjacent sources exhibiting varying geometries and amplitudes. Similar
configurations have been widely employed for evaluating the stability, resolution, and reliability
of gravity interpretation methods (Oldenburg, 1974; Li & Oldenburg, 1998; Williams, 2008;
Rezaie et al., 2017; Vatankhah et al., 2018; Lin & Zhdanov, 2018; Zhao et al., 2018; Zhang et al.,

2018; Fregoso et al., 2020).

The second synthetic model (Fig. 1b; Table 2) comprises two partially overlapping blocks together
with a shallow cubic body. The overlapping sources generate a complex composite gravity
response characterized by merged anomaly signatures and distorted peak geometries. This model
was specifically designed to investigate the ability of the proposed framework to distinguish
closely spaced sources and preserve structural continuity in the presence of overlapping

gravitational effects.

The third synthetic model (Fig. 1c; Table 3) consists of a laterally extensive structure represented
by twenty-five individual blocks distributed at different depths. Such configurations are

particularly challenging because the resulting gravity anomaly is dominated by long-wavelength

13
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responses and does not readily reveal the internal structural complexity of the causative bodies.
Similar models have previously been used to evaluate gravity interpretation methodologies (Zhang
& Wong, 2015; Zhang et al., 2018). Consequently, this model provides a rigorous test of the
capability of UCRD to reconstruct large-scale structural geometry and of NFG to characterize

depth variations within spatially extensive source systems.

3.1. Synthetic model 1

Figure 2 illustrates the application of the UCRD framework to Synthetic Model 1. The
decomposition process generates seven restricted wavelength levels through successive upward
continuation, with continuation heights (4z) ranging from 0.6 to 242.1 km. At each level, the
upward-continued field from the previous stage serves as the input for the subsequent
decomposition step, producing a hierarchical representation of the gravity field across
progressively increasing wavelength ranges. The resulting RWL are subsequently transformed into

SRWL.

The decomposition reveals a systematic evolution of anomaly responses with increasing
continuation height. Shallow components dominate the lower levels, whereas deeper and longer-
wavelength contributions become increasingly prominent at larger Az values. For Synthetic Model
1, the principal anomalous bodies are most clearly expressed between levels 3 and 6 (Az = 4.4-89
km), indicating that these continuation intervals contain the dominant structural information
associated with the model. Although the overall spatial patterns of the RWL and SRWL responses
remain comparable, the SRWL transformation produces sharper and more localized anomaly
signatures, thereby improving structural definition and enhancing the continuity of reconstructed

features.

14
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To evaluate the three-dimensional imaging capability of the proposed framework, Figure 3
presents vertical sections extracted along three XZ profiles (Y = 96, 300, and 504 km) and three
YZ profiles (X = 96, 300, and 504 km). The UCRD sections were generated by interpolating
between the seven SRWL levels shown in Figure 2d. Comparison with the true model geometry
demonstrates that the reconstructed sections successfully recover the overall spatial distribution,
polarity, and lateral extent of the synthetic bodies. While UCRD provides a continuous
representation of subsurface structural geometry, it does not directly estimate source depth because

the vertical axis corresponds to upward-continuation height rather than physical depth.

To constrain source depth, the UCRD results are integrated with NFG imaging. The corresponding
NFG sections shown in Figure 3 provide quantitative depth information and exhibit strong spatial
agreement with the reconstructed UCRD structures. Consequently, the two methods provide
complementary information: UCRD delineates the geometry and polarity of subsurface structures,

whereas NFG supplies independent depth constraints.

Following the imaging criterion proposed by Alipour et al. (2023b), maximum NFG responses
were traced across increasing harmonic intervals to identify the optimal harmonic number (N).
Figure 4 illustrates the procedure for the profile at Y = 96 km. The logarithmic harmonic-energy
spectrum (Fig. 4b) exhibits a transition zone between long-wavelength and short-wavelength
regimes, indicating the range within which the optimal harmonic solution is expected to occur. For
this profile, the transition is centered near N = 29. The corresponding NFG responses for N = 27—
31 (Fig. 4a) demonstrates progressive focusing of anomaly maxima, with the most coherent and
spatially concentrated responses occurring at N =28 and N = 29. These solutions provide the most
reliable depth estimates and exhibit the strongest agreement with the known geometry of the

synthetic model.

15
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3.2. Synthetic model 2

Figure 5 illustrates the application of the UCRD framework to Synthetic Model 2 (Fig. 1b; Table
2). The decomposition process generates seven restricted wavelength levels with continuation
heights (4z) ranging from 0.6 to 242.1 km. At each level, the gravity field is progressively
separated into wavelength-restricted components, which are subsequently transformed into SRWL
representations. Comparison between the RWL and SRWL responses demonstrates that the
normalization procedure significantly improves structural definition. In particular, the SRWL
levels provide sharper and more localized anomaly responses, allowing clearer discrimination
between the shallow cube and the deeper overlapping bodies. This improvement is most evident
between levels 4 and 6, where the structural transition from shallow to deep sources becomes more

clearly resolved.

The reconstructed geometry is further examined through vertical sections extracted along the XZ
profile at Y = 250 km and the YZ profile at X = 250 km (Fig. 6). As in Synthetic Model 1, the
UCRD sections successfully recover the overall geometry of the causative structures despite the
complexity introduced by overlapping sources. The overlapping blocks generate composite
anomaly responses that are difficult to interpret directly from the gravity field alone; however, the
UCRD reconstruction separates the dominant structural components and provides a coherent
representation of their spatial relationships. The corresponding NFG sections supply quantitative

depth information and exhibit strong agreement with the reconstructed geometry.

The NFG imaging criterion based on tracing maximum responses across increasing harmonic
intervals is illustrated in Figure 7 for the profile at Y = 250 km. The harmonic-energy spectrum

indicates a transition from long-wavelength to short-wavelength responses near N = 11,
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corresponding to the dominant deep structure. Examination of the NFG responses shows
progressive focusing of anomaly maxima between N = 11 and N = 13, followed by a rapid
transition at N = 14. Because the responses at N = 11-13 are highly consistent, N =11 was selected
as the most stable representative harmonic number for the long-wavelength component and was

subsequently used for depth characterization in Figure 6.

An additional short-wavelength feature is evident in the UCRD reconstruction, producing an
asymmetric geometry associated with the shallow body located near X = 100 km (Fig. 6a). This
feature is independently supported by a stable NFG response at N = 39, which delineates the left
boundary of the shallow structure immediately before the onset of artifact responses. The
agreement between the UCRD reconstruction and the corresponding NFG solution demonstrates
the ability of the combined framework to distinguish overlapping sources and to characterize both

shallow and deep structural components within a single gravity dataset.

3.3. Synthetic model 3

Figure 8 illustrates the application of the UCRD framework to Synthetic Model 3 (Fig. 1c; Table
3). The decomposition generates seven restricted wavelength levels with continuation heights (4z)
ranging from 0.6 to 242.1 km. As in the previous examples, the gravity field is progressively
separated into wavelength-restricted components and subsequently transformed into SRWL
representations. Comparison of the RWL and SRWL responses demonstrates the effectiveness of
the scaling procedure in enhancing structural expression. The improvement is particularly evident
between levels 3 and 5, where the SRWL responses exhibit sharper and more localized anomaly
patterns. For example, the shallow blocks located at depths of 10-20 km are clearly expressed in

the level-4 SRWL response, whereas their signatures are substantially less distinct in the

17
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corresponding RWL representation. These results indicate that the SRWL transformation
improves the resolution of both shallow and intermediate-depth structural components within

laterally extensive source systems.

Figure 9 presents vertical sections of the gravity anomaly, UCRD reconstruction, and NFG
responses along XZ profiles at Y = 50 km and Y = 100 km and YZ profiles at X =50 km and X =
100 km. Despite the complexity of the model and the large number of individual source bodies,
the UCRD reconstruction successfully recovers the overall geometry of the composite structure.
The reconstructed sections reveal both shallow and deep structural components, demonstrating the
capability of the method to image source distributions that are difficult to recognize directly from
the gravity anomaly alone. The corresponding NFG sections provide complementary depth

information and exhibit good agreement with the reconstructed geometry.

The NFG imaging criterion based on tracing maximum responses across increasing harmonic
intervals is illustrated in Figure 10 for the profile at Y = 100 km. The harmonic-energy spectrum
indicates a characteristic transition near N = 21, corresponding to the dominant component of the
model. Harmonic numbers N = 12—-14 produce focused maxima associated with the deeper
structures, whereas harmonic numbers N = 20-22 emphasize the extended shallow to deep
components. The presence of these two stable harmonic regimes demonstrates the ability of the
combined UCRD-NFG framework to resolve multiple depth levels within complex and laterally

extensive gravity-source configurations.

4. Discussion on synthetic tests
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The synthetic experiments demonstrate the complementary roles of the UCRD and NFG
frameworks for gravity interpretation. UCRD provides a interpretable reconstruction of subsurface
structural geometry by decomposing the gravity field into RWL components and enhancing their
structural expression through the SRWL transformation. In contrast, NFG supplies quantitative
depth information through analysis of harmonic-domain gradient responses. Used together, the
two methods enable simultaneous characterization of structural geometry and source depth from

gravity data alone.

A particular advantage of the combined framework is its ability to reduce ambiguities associated
with NFG interpretation. Previous studies have shown that tracing maximum NFG responses
across increasing harmonic intervals provides an effective imaging criterion for identifying source
depths and selecting the optimal harmonic number (Alipour et al., 2023b). However, NFG
responses may be difficult to interpret in complex situations because anomaly maxima can
originate from source boundaries, internal structural variations, or overlapping responses from
bodies located at different depths. Furthermore, identification of the appropriate harmonic number
is not always straightforward. In such cases, the geometric information provided by UCRD serves
as an independent constraint, facilitating discrimination between competing NFG solutions and

improving confidence in the interpretation.

An additional advantage of the proposed methodology is that it operates directly on gravity data
and does not require supplementary geophysical information or a priori structural constraints.
Consequently, preliminary structural characterization can be performed without reliance on
seismic data (Zhdanov, 2002; Farquharson & Oldenburg, 2004; Bosch et al., 2010; Moorkamp et
al., 2011), computationally intensive inversion procedures (Oldenburg, 1974; Li & Oldenburg,

1998; Zhao et al., 2018; Zhang et al., 2018), joint inversion strategies (Gallardo & Meju, 2004;
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Lelievre et al., 2012; Lin & Zhdanov, 2018; Ming et al., 2024), or forward modelling approaches
(Talwani & Ewing, 1960; Nagy, 1966). Although UCRD is not intended to replace these
methodologies, the reconstructed structural geometries can provide valuable starting models,
geometric constraints, and parameterization guidance for subsequent forward modelling and

inversion studies.

The three synthetic models were designed to evaluate the performance of the proposed framework
under progressively more challenging conditions. Synthetic Model 1 assessed the capability of the
method to reconstruct multiple isolated and adjacent bodies with varying dimensions and density
contrasts. Synthetic Model 2 examined the ability of the framework to resolve overlapping sources
and distinguish shallow from deeper structural components. Synthetic Model 3 provided a rigorous
test of large-scale structural reconstruction in a laterally extensive multi-level system characterized
by substantial depth variability. Across all three experiments, the UCRD reconstructions showed
good agreement with the true model geometries, while the NFG responses provided consistent
depth estimates. The results demonstrate that the combined UCRD-NFG framework is capable of
recovering both structural geometry and depth characteristics over a broad range of source

configurations and complexity levels.

Synthetic model 1. The UCRD results for Synthetic Model 1 are presented in Figure 2d, where the
horizontal SRWL levels constitute the primary output of the decomposition procedure. The vertical
sections shown in Figure 3 are generated by interpolation between the seven SRWL levels.
Although the interpolation process smooths some fine-scale features, the resulting sections provide
a useful representation of the reconstructed geometry and allow direct comparison with the

corresponding NFG depth responses.
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The first prominent UCRD responses appear at level 3 and correspond to stepped blocks 1-3
together with the shallow positive-density cubes. According to Table 1, these bodies begin at
depths of approximately 10 km and possess positive density contrasts. Their responses remain
visible through levels 4 and 5 before gradually diminishing at higher continuation levels.
Particularly strong positive anomalies are observed in Figure 3a (XZ profile at (500, 96) km),
Figure 3b (XZ profile at (300, 300) km), and Figure 3¢ (XZ profile at (100, 504) km). In all cases,
increasing continuation height is associated with increasing source depth, and corresponding NFG

maxima occur at harmonic numbers N =28, N =31, and N = 35, respectively.

The response of stepped block 1 is especially evident in Figure 3a. The NFG maximum at N = 28
delineates the lower portion of the structure, highlighted by the red interior circle. At this location,
the response of stepped block 1 is influenced by the adjacent shallow cube, producing a composite
anomaly pattern. Examination from an alternative viewing direction (YZ profile at (504, 100) km)
in Figure 3f reveals a sharp UCRD response together with a stable NFG maximum at N = 60.
Combining the UCRD reconstruction, NFG responses, and the SRWL levels shown in Figure 2d
indicates the presence of a large stepped structure that extends from near-surface depths to greater
than 50 km. This geometry is particularly evident in Figure 3f, where the UCRD response begins
at shallow depth near Y = 10 km, reaches depths of approximately 50 km near Y = 100 km, and
then rises again toward shallower levels. The corresponding NFG maxima, marked by red circles,

appear to delineate the structural boundaries of the body.

Similar behavior is observed for stepped block 2 and the adjacent shallow cube near coordinates
YZ profile at (96, 500) km in Figure 3d. For stepped block 2, in Figure 3¢ (XZ profile at (100,
504) km), the UCRD reconstruction and the NFG response at N = 35 show excellent agreement

with the known geometry of the synthetic model. Figure 3d further confirms this interpretation
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through a stable NFG response at N = 57. Stepped block 3 (300, 300) km is clearly identified in
Figure 3b and Figure 3e, where both UCRD and NFG indicate a structure extending from near-

surface depths around Y = 250 km to depths exceeding 50 km near Y = 350 km.

The six cubic bodies provide an additional test of the ability of the proposed framework to resolve
structures with different geometries, depths, and density contrasts. Cube 1 ((300, 500) km) is
recovered particularly well, as demonstrated by the strong agreement between the UCRD
reconstruction and NFG responses in Figure 3¢ (N = 54) and Figure 3e (N = 104). Cube 3 ((100,
300) km) is also successfully recovered in Figure 3d (N = 43) and Figure 3b (N = 67), while cube
5 ((100, 100) km) produces clear UCRD responses and NFG maxima at N =29 and N = 38. The
N = 29 response corresponds approximately to the center of the body, whereas N = 38 is more
closely associated with its upper boundary. The cube 6 (300, 100) km is represented in Figure 3a

(N =28) and Figure 3e (N = 33), providing a reasonable reconstruction of its geometry and depth.

The deepest bodies in the model, cubes 2 (500, 500) km and 4 (500, 300) km, present a greater
challenge because their responses are partially masked by shallower structures. Consequently,
UCRD occasionally places these bodies at shallower apparent depths, and NFG responses may be
weak or absent in some profiles. For example, cube 4 produces only a weak NFG response in
Figure 3b at N = 29, while cube 2 is represented by a response at N = 20 in Figure 3c. In Figure
3f, cube 4 is associated with N = 32, whereas cube 2 does not produce a clearly identifiable NFG
maximum. Although some profiles underestimate depth, alternative viewing directions generally
recover the correct structural position. This behavior is consistent with previous studies
demonstrating that deep sources can be partially obscured by dominant shallow anomalies (e.g.,

Rezaie et al., 2017).
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The performance of the proposed framework compares favorably with previously published
investigations of this benchmark model, including studies by Zhang and Wong (2015), Lin and
Zhdanov (2018), Vatankhah et al. (2018), Fregoso et al. (2020), and Yang et al. (2020). These
studies show that unconstrained inversion often struggles to recover the true geometry of complex
source distributions and generally requires additional constraints, depth weighting, or
complementary geophysical information. In contrast, UCRD provides a direct representation of
structural geometry from gravity data alone, while NFG independently supplies depth information.
The combination of the two approaches therefore offers a practical means of reconstructing both
geometry and depth prior to more computationally intensive inversion procedures. As noted by
Williams (2008), Synthetic test similar to Model 1 represents a particularly demanding test because
it contains bodies with different geometries, density contrasts, polarities, and burial depths.
Nevertheless, the strongest UCRD and NFG responses consistently correspond to the principal
structural elements of the model, demonstrating the effectiveness of the proposed methodology

under complex multi-source conditions.

Synthetic model 2. Synthetic Model 2 (Fig. 1b; Table 2) consists of three rectangular prisms: a
shallow, relatively small prism (Prism 1), an intermediate-depth prism (Prism 2), and a deeper
prism (Prism 3). The partial overlap between Prisms 2 and 3 produces a high-density overlap zone,

generating a complex gravity response that makes structural recovery particularly challenging.

The UCRD decomposition results (Fig. 5d) reveal the progressive emergence of the different
source bodies with increasing continuation height. Prism 1, located near coordinates (100, 250), is
primarily expressed at levels 3 and 4, whereas Prism 2, centered near (250, 150), becomes most
apparent at levels 4 and 5. The strongest responses associated with the overlapping deeper prisms

occur at level 6. These observations indicate that the UCRD decomposition successfully separates
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the shallow and deep structural contributions despite the significant interference produced by the

overlap zone.

The reconstructed geometry is further illustrated in the vertical sections of Figure 6. In Figure 6a,
the shallow body near (100, 250) km is identified within the UCRD reconstruction as
unsymmetrical edge and is associated with a stable NFG response at N = 39. The NFG maximum
occurs along the outer boundary of the structure and provides a reliable depth estimate for the
shallow prism. The central overlapping region near (250, 250) exhibits particularly good
agreement between the UCRD reconstruction and the true model geometry. In this area, the upward
continuation height correlates closely with the actual depth distribution of the source bodies, while

the NFG responses provide independent quantitative depth constraints.

The YZ section shown in Figure 6b further demonstrates the capability of the combined UCRD—
NFG framework. Although the UCRD reconstruction slightly overestimates depth in parts of the
section, the corresponding NFG responses at N = 12 and N = 14 delineate the depth extent of the
structure through its lateral boundaries. The complementary nature of the two methods is
particularly evident in this profile: UCRD provides the overall structural geometry, whereas NFG

supplies more precise depth information where the geometry alone becomes ambiguous.

This synthetic model represents a demanding test because the overlapping prisms generate
composite anomaly signatures that obscure the true source geometry. Nevertheless, the combined
interpretation of Figures 5 and 6 demonstrates that UCRD and NFG together provide detailed
information on both structural configuration and depth distribution. Similar difficulties have been
reported in previous studies of gravity inversion. As illustrated by the response in Figure 6b, NFG
recovery becomes increasingly challenging for laterally extensive bodies, where maxima are often

concentrated near structural boundaries rather than within the interior of the source. Comparable
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challenges have been discussed by Zhang and Wong (2015) in the recovery of horizontally
extensive bodies and by Sun et al. (2021) in three-dimensional gravity inversion on unstructured
grids. The present results indicate that the integration of UCRD and NFG provides a practical
means of addressing such ambiguities by combining geometric reconstruction with independent

depth estimation.

Synthetic model 3. Synthetic Model 3 (Fig. 1c; Table 3) represents a laterally extensive structure
composed of multiple blocks distributed at different depths. The UCRD decomposition results
(Fig. 8d) exhibit well-defined responses between levels 3 and 5, corresponding to the progression
from the shallowest to the deepest structural components of the model. Comparison with the true
geometry (Fig. 1c) indicates that these levels contain the principal information associated with the

reconstructed structure.

To examine the three-dimensional geometry of the model, four vertical profiles were analyzed
(Fig. 9). The UCRD sections (Figs. 9a—d) consistently reveal a broad anomalous body extending
approximately from X = 50 to 150 km and from Y = 50 to 150 km. This continuity suggests the
presence of a laterally extensive structure with relatively uniform density characteristics. The
corresponding NFG responses provide additional depth constraints and reveal variations that are

not immediately apparent from the UCRD reconstruction alone.

For the XZ profile at Y = 50 km (Fig. 9a), the NFG response at N = 21 identifies a shallow
structural boundary at depths of approximately 10-20 km. Along the YZ profile at X = 50 km (Fig.
9c¢), a deeper edge response is observed at depths of approximately 15-25 km, also corresponding
to N =21. In addition, a weaker NFG maximum occurs near coordinates (50, 100) at N =29, which

is interpreted as a deeper block located at approximately 20—-30 km depth.
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The profile at Y = 100 km (Fig. 9b) reveals a bowl-shaped structure extending from approximately
10 to 30 km depth. The principal response is associated with N = 21, while two edge-related
maxima occur at N = 13 and correspond to depths of approximately 20—30 km. Similarly, the YZ
profile at X = 100 km (Fig. 9d) exhibits an edge response at N = 16 associated with depths of
approximately 20-30 km, together with a weaker response at N = 21 corresponding to the

shallower portion of the structure.

The combined interpretation of the UCRD decomposition (Fig. 8d) and the NFG depth responses
(Fig. 9) indicates that the model is characterized by a laterally continuous body extending across
much of the central part of the study area. The UCRD results define the overall geometry and
spatial continuity of the structure, whereas the NFG responses identify distinct depth levels and
structural boundaries. Together, the results suggest a relatively uniform-density body extending
from approximately 10 to 30 km depth, in excellent agreement with the geometry of the synthetic

model.

5. Conclusions

This study introduced the Upward Continuation Restriction to Decomposition (UCRD) method, a
spectral framework designed to reconstruct subsurface structural geometry directly from Bouguer
gravity anomalies. Through successive upward continuation and restricted-wavelength
decomposition, the gravity field is separated into a series of depth-related components that
progressively reveal the spatial organization of subsurface density contrasts. Application of a three-
dimensional analytic signal transformation followed by scale-adaptive normalization produces

scaled restricted wavelength (SRWL) responses that preserve anomaly polarity, retain physical
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units (mGal), and provide a physically interpretable representation of subsurface structural

geometry.

Because gravity anomalies alone do not uniquely constrain source depth, UCRD was integrated
with the normalized full gradient (NFG) method. Within this framework, UCRD provides
geometric characterization of subsurface structures, whereas NFG supplies independent depth
constraints through harmonic-domain gradient analysis. The combined methodology therefore
enables simultaneous interpretation of structural geometry and source depth using gravity data

alone.

Evaluation using three synthetic models representing isolated bodies, overlapping structures, and
laterally extensive multi-level sources demonstrates that the proposed framework is capable of
recovering both horizontal and vertical structural patterns over a broad range of source
configurations. The SRWL responses consistently provide sharper and more localized structural
signatures than the original gravity anomalies and conventional restricted-wavelength
components, improving the delineation of subsurface features. In parallel, NFG depth estimates
show strong agreement with the true source geometry and remain effective even in challenging
situations involving overlapping bodies, strong geometric contrasts, and laterally extensive

structures.

An important advantage of the proposed methodology is that it operates directly on gravity data
without requiring prior geological information, structural constraints, forward modelling, or
computationally intensive inversion procedures. Consequently, the UCRD-NFG framework can
serve as a rapid and computationally efficient interpretation tool, while also providing valuable
initial models and geometric constraints for subsequent inversion and integrated geophysical

investigations.
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Although the method remains subject to limitations inherent to spectral decomposition, including
partial wavelength overlap between adjacent levels and smoothing effects associated with vertical
interpolation, the results demonstrate that UCRD provides a robust and intuitive approach for
structural imaging from gravity data. The combined UCRD-NFG framework therefore represents
a practical addition to the toolbox of gravity interpretation methods, particularly for regional-scale

investigations where rapid characterization of subsurface geometry and depth is required.
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Figure 2. Step-by-step UCRD procedure for synthetic model 1 (Fig. 1a and Table 1). (a) Gravity signal,

(b) upward continued field, (c) RWL;, and (d) SRWL; at each UCRD level.
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wavelength (low-degree) harmonic regime, whereas the blue line represents the short-wavelength (high-
degree) harmonic regime. The transition zone between the two trends indicates the optimal harmonic

number (N = 11). The blue dashed rectangle outlines the artifact region excluded from interpretation.
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Figure 8. Step-by-step UCRD procedure for synthetic model 3 (Fig. 1¢ and Table 3). (a) Gravity signal,
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852  Figure 10. (a) NFG responses along the XZ profile at Y = 100 km for harmonic numbers n = 12—14 and n
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854  representations. (b) Harmonic-energy spectrum plotted as log1o(Bn2) versus harmonic number n. The red
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855  line corresponds to the long-wavelength (low-degree) harmonic regime, whereas the blue line represents
856 the short-wavelength (high-degree) harmonic regime. The transition between the two regimes occurs near
857 N =21, which provides the most stable response for interpretation. The blue dashed rectangle outlines the

858 artifact region excluded from interpretation
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863 Tables
864  Table 1. Properties of synthetic model 1 features (Fig. 1a).

Density Depth Range = Coordintes

Feature Type (ke/m?) (km) (X, Y) Additional Notes
Cube 1 Cube 300 10-30 (300, 500)
Cube 2 Cube -600 40-80 (500, 500)
Cube 3 Cube 400 20-70 (100, 300)
Cube 4 Cube 600 40-80 (500, 300)
Cube 5 Cube -400 20-70 (100, 100)
Cube 6 Cube 500 30-70 (300, 100)
Composed of four
Stepped !
Stepped Block 550 10-50 (500, 100)  prisms, each 10 km
Block 1 i
thick
Near- .
Surface llfe."tangular 650 10-20 (500, 100) é‘thacegtBl . to
Block 1 rism epped Bloc
Composed of four
Stepped i
Stepped Block 550 10-50 (100, 500)  prisms, each 10 km
Block 2 .
thick
Near- .
Surface llffi‘:r‘fl“gular 550 10-20 (100, 500) gga":gtmock ,
Block 2 PP
Composed of four
Stepped lock . h 10 km
Block 3 Stepped Bloc 550 10-50 (300, 300)  prisms, each 10

thick
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Table 2. Properties of synthetic model 2 (three rectangular prisms; see Fig. 1b).

Feature

Rectangular
Prism 1
Rectangular
Prism 2
Rectangular
Prism 3
High-Density
Overlap Zone

Type

Rectangular
Prism
Rectangular
Prism
Rectangular
Prism
Overlapping
Region

Density
(kg/m?)

300

400

500

900

Depth
Range Additional Notes
(km)
20-30 Represents the shallowest
structure
30-60 Intermediate-depth structure
50-100  Deepest structure
50-60 Overlap between prisms 2 and

3, with high-density anomaly

Table 3. Properties of synthetic model 3 features (Fig. 1c).

Feature

Block 1-25

Neighboring
Blocks

Type

Density
(kg/m?)

200

Depth
Range (km)

10-30

47

Size (km) Additional Notes

20%20 in XY All blocks have the
plane, 10 km same density, buried
thick at varying depths



