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Abstract 7 

In this study, we introduce the Upward Continuation Restriction to Decomposition (UCRD) framework, an 8 

upward-continuation-based decomposition approach for reconstructing subsurface structural geometry 9 

directly from Bouguer gravity anomalies. The method applies multi-level upward continuation using 10 

exponentially increasing continuation heights to separate the gravity field into restricted wavelength levels 11 

associated with different depth intervals. These levels are subsequently transformed through a three-12 

dimensional analytic signal and a scale-adaptive normalization procedure to generate scaled restricted 13 

wavelength (SRWL) representations that preserve anomaly polarity, enhance structural continuity, and 14 

provide physically interpretable images of gravity-source geometry. 15 

To complement structural reconstruction with depth information, UCRD is integrated with the Normalized 16 

Full Gradient (NFG) method. In this combined framework, UCRD provides geometric characterization of 17 

subsurface structures, whereas NFG supplies quantitative depth constraints. The methodology is validated 18 

using three synthetic gravity models of increasing complexity, including isolated bodies with varying 19 

density contrasts, overlapping prisms, and laterally extensive stepped structures. The results demonstrate 20 

that UCRD successfully delineates horizontal and vertical structural geometries over a wide range of source 21 

depths, while NFG reliably identifies corresponding depth positions even in geometrically complex 22 

environments. 23 
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The proposed UCRD–NFG workflow operates directly on gravity data without requiring inversion, prior 24 

geological information, or computationally intensive optimization procedures. Consequently, it provides an 25 

efficient and model-independent framework for gravity interpretation and can serve as a valuable 26 

preliminary characterization tool for subsequent forward modelling, inversion, and integrated geophysical 27 

investigations. 28 

Key Words  29 

Gravity anomaly interpretation, upward continuation, spectral decomposition, analytic signal, normalized 30 

full gradient, UCRD 31 

 32 

1. Introduction 33 

Gravity data interpretation remains one of the most fundamental and widely applied approaches 34 

for investigating subsurface density heterogeneity because the observed gravity field reflects 35 

spatial variations in subsurface density contrasts across a wide range of scales and its applicability 36 

across a broad range of geological environments (Balmino et al., 1999; Pail, 2023), from 37 

sedimentary basin analysis to lithospheric-scale investigations (Ismail-Zadeh et al., 2020). The 38 

observed gravity field reflects the cumulative response of density contrasts within the Earth, 39 

providing indirect but spatially continuous constraints on subsurface structure. Gravity 40 

measurements do not directly sample geological materials; instead, they detect variations in the 41 

gravitational field arising from density heterogeneities at depth. Consequently, gravity data 42 

provide an efficient means of investigating subsurface structural configurations over regional to 43 

continental scales (Blakely, 1995; Hinze et al., 2012), particularly in areas where direct 44 

observations are limited or unavailable. 45 
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Despite these advantages, gravity interpretation remains fundamentally non-unique because 46 

substantially different density distributions can generate similar anomaly responses (Blakely, 47 

1995). This inherent ambiguity has motivated the development of a wide range of interpretation 48 

methodologies, including forward modelling, inversion, transformation-based enhancement, and 49 

more recently machine-learning approaches. Inversion techniques aim to estimate subsurface 50 

density distributions from observed gravity anomalies (Oldenburg, 1974; Li & Oldenburg, 1998; 51 

Zhao et al., 2018; Zhang et al., 2018), while joint inversion strategies incorporate complementary 52 

geophysical information to improve model reliability (Gallardo & Meju, 2004; Lelièvre et al., 53 

2012; Lin & Zhdanov, 2018; Ming et al., 2024). Similarly, forward-modelling approaches 54 

reconstruct subsurface geometry by matching observed anomalies with assumed structural 55 

configurations (Talwani & Ewing, 1960; Nagy, 1966), but their effectiveness depends strongly on 56 

prior geological constraints, model parameterization, and assumptions regarding structural 57 

complexity (Zhdanov, 2002; Farquharson & Oldenburg, 2004; Bosch et al., 2010; Moorkamp et 58 

al., 2011). 59 

To reduce reliance on prior information, numerous transformation-based methods have been 60 

developed to extract structural information directly from gravity data. Classical approaches include 61 

upward continuation (Nettleton, 1954; Jacobsen, 1987), polynomial surface fitting (Agocs, 1951; 62 

Simpson, 1954), spectral analysis (Spector & Grant, 1970), wavelet decomposition (Fedi & 63 

Quarta, 1998; Xu et al., 2009), and nonlinear filtering (Keating & Pinet, 2011). Among these 64 

methods, the analytic signal transformation has become one of the most widely used enhancement 65 

techniques because it emphasizes the magnitude of gravity-field gradients independently of 66 

anomaly polarity, making it particularly effective for structural mapping and source-boundary 67 

delineation (Nabighian, 1972; Debeglia & Corpel, 1997; Nabighian et al., 2005a; Doo et al., 2009). 68 
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Another important gradient-based approach is the normalized full gradient (NFG) method, 69 

originally developed by Berezkin and co-workers (Berezkin & Buketov, 1965; Berezkin, 1967, 70 

1973, 1988) and subsequently refined for potential-field interpretation (Elysseieva & Pašteka, 71 

2018; Alipour et al., 2023a, 2023b; Wang et al., 2025). Recent developments include iterative 72 

structural reconstruction approaches such as ITRESC (Florio, 2018) and the growing application 73 

of machine-learning techniques for gravity interpretation (e.g., Meng et al., 2025; Zhanakulova et 74 

al., 2025). Alongside these advances, the NFG method has gained renewed attention as a powerful 75 

approach for enhancing structural features and characterizing source depths in potential-field data 76 

(Elysseieva & Pašteka, 2018; Alipour et al., 2023a, 2023b; Wang et al., 2025).  77 

By analyzing normalized gradient responses, NFG improves the identification of structural 78 

boundaries and provides valuable information regarding source depth. Nevertheless, the method 79 

remains fundamentally gradient-based, and therefore primarily responds to spatial variations in the 80 

anomaly field rather than directly representing density polarity or the complete geometry of the 81 

causative body. Bodies with opposite density contrasts may produce similar normalized responses, 82 

while laterally extensive structures often exhibit diminished responses over their central regions. 83 

Consequently, NFG and related gradient-based techniques are highly effective for detecting edges 84 

and estimating depth, but they do not directly reconstruct the full spatial geometry of subsurface 85 

structures (Alipour et al., 2023b). 86 

More broadly, most existing gravity-processing techniques focus on anomaly enhancement, 87 

boundary detection, wavelength separation, or density estimation. Although these approaches 88 

provide valuable interpretational information, relatively few methods are specifically designed to 89 

reconstruct the overall structural geometry of gravity-source bodies directly from gravity 90 

anomalies while preserving anomaly polarity and requiring neither inversion nor external 91 
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geological constraints. This limitation motivates the development of a complementary framework 92 

capable of transforming gravity anomalies into physically interpretable representations of 93 

subsurface structural geometry. 94 

To address this challenge, we introduce the Upward Continuation Restriction to Decomposition 95 

(UCRD) framework, an upward-continuation-based decomposition methodology for 96 

reconstructing subsurface structural geometry directly from gravity anomaly data. The method 97 

applies controlled multi-level upward continuation to separate the gravity field into restricted 98 

wavelength levels associated with different spatial scales and depth ranges. A three-dimensional 99 

analytic signal transformation is subsequently applied to each decomposed level, followed by a 100 

scale-adaptive normalization procedure that restores physical units (mGal), preserves anomaly 101 

polarity, and enhances structural continuity. The resulting scaled restricted wavelength (SRWL) 102 

representations provide physically interpretable images that facilitate direct visualization of 103 

subsurface structural geometry. 104 

Because potential-field (gravity) data suffer from inherent non-uniqueness in depth estimation, 105 

structural reconstruction through UCRD is complemented by the normalized full gradient (NFG) 106 

method. Within this integrated framework, UCRD provides geometric characterization of 107 

subsurface structures, whereas NFG supplies independent depth constraints. The combined 108 

methodology therefore enables simultaneous interpretation of structural geometry and source 109 

depth within a unified and computationally efficient workflow. 110 

The proposed framework is evaluated using three synthetic gravity models representing a range of 111 

structural complexities, including isolated bodies, overlapping structures, and laterally extensive 112 

sources. These tests assess the capability of the UCRD–NFG framework to reconstruct structural 113 

geometry, resolve spatial complexity, and characterize source depth. The results demonstrate that 114 
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the proposed methodology provides a practical and computationally efficient approach for gravity 115 

interpretation and can serve as a valuable preliminary characterization tool for subsequent forward 116 

modelling, inversion, and integrated geophysical investigations. 117 

  118 

2. Methods 119 

The structural reconstruction component of this study follows the multi-level gravity interpretation 120 

framework introduced in Alipour et al. (2025 preprint), while the depth-constraint analysis is 121 

independently based on the NFG development of Alipour et al. (2023b).  122 

We adopt a right-handed Cartesian coordinate system (ݔ, ,ݕ  representing the 123 ݕ and ݔ with ,(ݖ

horizontal directions, and ݖ positive upward from the geoid. Each gravity measurement is located 124 

at ௜ܲ = ,௜ݔ) ௜ݕ ,  ௜ (no 125ݖ ௜ equal to the station elevation above the geoid. We retain trueݖ ௜) withݖ

flattening to ݖ =  to preserve topographic sensitivity. Subsurface sources follow the same 126 (0ݖ

convention, a density source at depth ݀ beneath station ݅ is positioned a ݖௗ = ௜ݖ − ݀ (< 0). 127 

2.1 Multi-Level Upward Continuation and Frequency Band Decomposition 128 

We isolate short-wavelength (shallow) and long-wavelength (deep) contributions by performing 129 

multiple upward continuations (Blakely, 1995). Let ܷ0(ݔ, (ݕ = ,ݔ)ܷ ,ݕ  ௜) be the Bouguer 130ݖ

anomaly sampled at the true station elevations ݖ௜. The upward continuation of a field ܷ from 131 

height ݖ௜ to ݖ௜ + Δݖ in the wavenumber domain is (Henderson & Zietz, 1949; Henderson, 1970; 132 

Blakely, 1995; Ravat, 2007): 133 

,ݔ)ܷ ,ݕ ௜ݖ + Δݖ) = ∬  ܷ(݇௫, ݇௬,  ௜)݁−௞Δ௭݁௜(௞ೣ௫+௞೤௬)݀݇௫݀݇௬                                                (1) 134ݖ
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where Δݖ is the continuation height (Δݖ > 0 upward) and ݇ = √݇௫2 + ݇௬2 is the radial 135 

wavenumber. 136 

The first upward continuation 1ܷ is computed with a vertical increment Δ1ݖ. We choose Δ1ݖ to 137 

balance horizontal sampling and noise level; it must not be too small relative to the horizontal 138 

sampling interval to avoid aliasing (Blakely, 1995), and it should not amplify reduction errors 139 

(Heath, 2018).  140 

The first restricted wavelength level is then: 141 

,ݔ)1ܮܹܴ (ݕ = ,ݔ)0ܷ (ݕ − ,ݔ)1ܷ  142 (2) (ݕ

which isolates the shortest spatial wavelengths (shallowest sources). 143 

To efficiently investigate progressively deeper source levels, the vertical spacing between 144 

successive continuation heights is increased according to the empirical relationship: 145 

Δݖ௡ = Δ1ݖ exp(݊ − 1) , ݊ = 2, … , ܰ (3) 146 

The suggested empirical relationship (Eq.3) provides a smooth and efficient progression between 147 

two regimes, preserving sensitivity to shallow structures while avoiding unnecessary oversampling 148 

at greater depths. Dense sampling is preferred at shallow levels where short-wavelength anomalies 149 

contain significant structural detail, whereas progressively larger spacing becomes sufficient at 150 

greater heights as the field becomes increasingly dominated by long-wavelength regional 151 

components. The process stops (݊ = ܰ) when the amplitude of the deepest average ܴܹܮே falls 152 

below average response of ܴܹ153 .1ܮ 

At each step, the continued field is computed in the Fourier domain (We define for ݊ = 1 … ܰ): 154 



8 

 

ܷ௡(ݔ, (ݕ = ℱ−1{ℱ[ܷ௡−1](݇௫, ݇௬)exp (−‖k‖Δݖ௡)}, ‖k‖ = √݇௫2 + ݇௬2 (4) 155 

and the corresponding restricted level is: 156 

,ݔ)௡ܮܹܴ (ݕ = ܷ௡−1(ݔ, (ݕ − ܷ௡(ݔ,  157 (5) (ݕ

Each ܴܹܮ௡ isolates anomalies whose dominant wavelengths correspond to distinct depth 158 

intervals. Although perfect spectral separation is unattainable due to band overlap and finite-grid 159 

effects (Blakely, 1995; Prabhu, 2014), zero-phase cosine tapering and symmetric domain padding 160 

minimize cross-band leakage and edge artifacts (Prabhu, 2014). UCRD reconstructs the full 3D 161 

anomaly field by stacking these band-limited layers from shallowest to deepest. 162 

2.2 Analytical Signal and Scale Normalization 163 

To enhance lateral structural expression, we apply the three-dimensional analytic signal 164 

transformation (Nabighian, 1972; Nabighian et al., 2005a; Debeglia & Corpel, 1997; Doo et al., 165 

2009) to each ܴܹܮ௡: 166 

,ݔ)௡ܵܣ ௠ீ௔௟௞௠](ݕ ] = √(߲௫ܴܹܮ௡(ݔ, 2((ݕ + (߲௬ܴܹܮ௡(ݔ, 2((ݕ + (߲௭ܴܹܮ௡(ݔ,  167 (6) 2((ݕ

The analytic signal amplitude is always positive and peaks at density contrast edges. To enable 168 

inter-level comparison, we apply a scale normalization. First, compute the spatial mean of ܵܣ௡: 169 

௡[௠ீ௔௟௞௠ܵܣ ] = ,ݔ)ₙܵܣ}݊ܽ݁݉  170 (7) {(ݕ

Then define a level-specific scale factor based on the dynamic range of ܴܹܮ௡: 171 

[݈ܽܩ݉]௡ܨܵ = ௠௔௫(ோௐ௅೙(௫,௬))[௠ீ௔௟]−௠௜௡(ோௐ௅೙(௫,௬)) [௠ீ௔௟]௠௔௫(ಲೄ೙(ೣ,೤)ಲೄ೙ )[1]−௠௜௡(ಲೄ೙(ೣ,೤)ಲೄ೙ )[1]  (8) 172 

Finally, the scaled restricted wavelength level is: 173 
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,ݔ)௡ܮܹܴܵ [݈ܽܩ݉](ݕ = ,ݔ)௡ܮܹܴ)݊݃ݏ [1]((ݕ ⋅ (஺ௌ೙(௫,௬)஺ௌ೙ [1] ⋅  174 (9) ([݈ܽܩ݉]௡ܨܵ

This procedure restores the physical units of the gravity field based on scaling factor (ܵܨ௡[݈݉ܽܩ]) 175 

and preserves anomaly polarity by combining the normalized analytic signal amplitude (
஺ௌ೙(௫,௬)஺ௌ೙ ) 176 

with the sign of the original band-limited anomaly (ܮܹܴ)݊݃ݏ௡(ݔ,  The resulting SRWLn maps 177 .(((ݕ

capture both magnitude and direction of lateral density contrasts at each depth level, enhancing the 178 

visibility of features that may be obscured in the raw gravity field. 179 

Following decomposition of the gravity field into (SRWLn) components, the complete set of 180 

SRWL levels is integrated to reconstruct the geometry of the causative anomalous bodies. Each 181 

SRWL map corresponds to a different upward continuation height and therefore reflects a distinct 182 

stage of spectral attenuation, with shallow-source effects progressively reduced as continuation 183 

height increases. When analyzed collectively, these maps provide a pseudo-three-dimensional 184 

representation of the anomaly evolution, allowing the lateral continuity, structural configuration, 185 

and relative persistence of anomalous features to be examined across successive continuation 186 

levels. Although upward continuation does not yield direct depth information, the progressive 187 

suppression of short-wavelength components enables deeper source contributions to become 188 

increasingly prominent relative to shallow anomalies. Horizontal maps and vertical sections 189 

constructed from the ensemble of SRWL levels therefore provide a useful framework for 190 

visualizing and interpreting subsurface geometry.  191 

 2.3 NFG 192 

The NFG method is based on the downward analytical continuation of gravity data. Analytical 193 

continuation enhances the expression of subsurface density contrasts and structural features that 194 

may be poorly resolved in the observed gravity field (Aydin, 2007). As the gravity field is 195 
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analytically continued downward, characteristic variations develop in the vicinity of the causative 196 

masses, providing additional information on source geometry and location (Berezkin, 1988; 197 

Aydin, 1997a). In practice, the normalized full gradient (NFG) is preferred to the continued gravity 198 

field itself because of its greater stability and its ability to delineate the positions of anomalous 199 

source bodies more effectively. 200 

The gravity anomaly data along the ݔ-axis can be expressed as a sum of sine and cosine functions 201 

(Ciancara & Marcak, 1979; Bracewell, 1984; Blakely, 1995; Pasteka, 2000) and computed in the 202 

frequency domain using a Fourier-series formulation following Berezkin (1973). In this approach, 203 

the superposition of harmonic sine and cosine components, allowing spatial derivatives and 204 

continuation operators to be evaluated efficiently. Consequently, the NFG operator can be applied 205 

to gravity anomaly data following downward analytical continuation. In the frequency domain, the 206 

downward continuation process is performed at each continuation level ݖ using a Fourier-series 207 

representation, yielding: 208 

,ݔ)݃߂ = (ݖ  ∑ ௡ே௡=1ܤ ݊݅ݏ (௡గ௫௅ ) ݌ݔ݁ (௡గ௭௅ )                                                                                                         (10) 209 

The Fourier series expresses a periodic function in terms of its harmonic components, where ܤ௡ is 210 

the Fourier coefficients and ݊ denotes the harmonic number (Bracewell, 1984; Blakely, 1995). 211 

Using Eq. (10), the gravity anomaly field, ݔ)݃߂,  can be analytically continued to positions 212 ,(ݖ

above and below a specified reference plane along the ݖ-axis (Berezkin & Buketov, 1965; 213 

Berezkin, 1973; Zeng et al., 2002). 214 

௡ܤ =  
2௅ ∫ ௅0݃߂ ,ݔ) 0)sin (௡గ௫௅ )  215 (11)                                                                                                                        ݔ݀
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When a sine Fourier-series representation is employed, the interpreted function must satisfy zero 216 

boundary conditions at the profile endpoints (ݔ = 0 and ݔ =  To 217 .(Elysseieva & Pašteka, 2018) (ܮ

satisfy this requirement, a linear trend is commonly removed to avoid edge discontinuities; 218 

however, this procedure may also suppress meaningful regional components of the gravity field. 219 

Bouguer gravity anomalies inherently contain both short-wavelength contributions associated with 220 

shallow sources and long-wavelength components related to deeper crustal and lithospheric 221 

structures. To preserve the full wavelength content while mitigating edge effects, the NFG method 222 

is applied together with a signal-mirror extension strategy, which avoids artificial discontinuities 223 

without removing long-wavelength information (Alipour et al., 2023b) 224 

Evaluation (11) is performed using numerical integration. A stable numerical scheme based on the 225 

trapezoidal rule has been adopted in subsequent implementations of the NFG approach (Dondurur, 226 

2005; Aydin, 2007; Aghajani et al., 2009a). Within this framework, a central challenge is the 227 

selection of the optimal number of harmonics (N), which directly controls the stability and 228 

resolution of the harmonic response. In the conservative formulation of the normalized full 229 

gradient (NFG) method, the optimal number of harmonics (N) is determined using N-value 230 

analysis (Zeng et al., 2012). The concept of N-restricted processing has been extensively 231 

investigated in previous studies (Aydin, 1997a; Berezkin, 1988; Dondurur, 2005; Sindirgi et al., 232 

2008; Aghajani et al., 2009a, 2009b, 2011; Oruç, 2011; Zhang & Meng, 2015; Xuan et al., 2018, 233 

Elysseieva & Pašteka, 2018, Alipour et al., 2023b).  234 

Several strategies have been proposed for estimating N. Aghajani et al. (2009a, 2009b, 2011) and 235 

Xuan et al. (2018) relate the optimal N to the maximum NFG response, where local maxima are 236 

interpreted as indicators of characteristic source positions. Alternative approaches include spectral 237 

analysis of  ݈  in which breakpoints in the spectrum define the truncation level (Elysseieva, 238 (ₙ²ܤ)₁₀݃݋
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2004; Oruç, 2011), as well as multi-band harmonic evaluation (Aydin, 2007; Sindirgi et al., 2008) 239 

and hybrid criteria combining depth, maximum NFG, and error metrics (Zhang & Meng, 2015). 240 

Following Alipour et al. (2023b), we adopt a robust adaptive procedure for determining N and 241 

resolving complex anomalous structures. First, an upper bound for N is estimated from the 242 

relationship between ݈₁₀݃݋(ܤₙ²) and increasing harmonic numbers. NFG responses are then 243 

computed sequentially across harmonic levels up to this limit. At each spatial position, the 244 

maximum NFG value across all harmonics is extracted, and these maxima are subsequently 245 

integrated to construct the final NFG model.  246 

As demonstrated in Alipour et al. (2023b), tracing maximum NFG responses across successive 247 

harmonic intervals provides a practical criterion for imaging and depth interpretation of complex 248 

gravity anomalies. The progressive behavior of NFG maxima across the harmonic spectrum offers 249 

a consistent framework for relating long- and short-wavelength gravity responses. Accordingly, 250 

this study adopts maximum-response tracing as the principal imaging criterion within the NFG 251 

workflow. When interpreted alongside the structural information derived from the UCRD 252 

framework, the resulting images become more coherent.  253 

The performance of the proposed methodology is evaluated using three synthetic models presented 254 

in the following section. Since the theoretical basis and numerical implementation of the NFG 255 

method have been comprehensively established in previous studies, only those aspects required 256 

for the present application are considered here.  257 

 258 

3. Synthetic tests  259 
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To evaluate the capability of the UCRD and NFG frameworks for structural reconstruction and 260 

depth characterization from gravity data, three synthetic models of increasing structural 261 

complexity were designed (Fig. 1). The models were selected to examine the performance of the 262 

proposed methodology under a range of scenarios, including isolated bodies, overlapping sources, 263 

and laterally extensive multi-level structures. 264 

The first synthetic model (Fig. 1a; Table 1) consists of six cubic bodies with different dimensions, 265 

depths, and density contrasts, together with three stepped structures. This model provides a 266 

comprehensive benchmark for assessing the ability of the proposed methodology to resolve 267 

multiple isolated and adjacent sources exhibiting varying geometries and amplitudes. Similar 268 

configurations have been widely employed for evaluating the stability, resolution, and reliability 269 

of gravity interpretation methods (Oldenburg, 1974; Li & Oldenburg, 1998; Williams, 2008; 270 

Rezaie et al., 2017; Vatankhah et al., 2018; Lin & Zhdanov, 2018; Zhao et al., 2018; Zhang et al., 271 

2018; Fregoso et al., 2020). 272 

The second synthetic model (Fig. 1b; Table 2) comprises two partially overlapping blocks together 273 

with a shallow cubic body. The overlapping sources generate a complex composite gravity 274 

response characterized by merged anomaly signatures and distorted peak geometries. This model 275 

was specifically designed to investigate the ability of the proposed framework to distinguish 276 

closely spaced sources and preserve structural continuity in the presence of overlapping 277 

gravitational effects. 278 

The third synthetic model (Fig. 1c; Table 3) consists of a laterally extensive structure represented 279 

by twenty-five individual blocks distributed at different depths. Such configurations are 280 

particularly challenging because the resulting gravity anomaly is dominated by long-wavelength 281 
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responses and does not readily reveal the internal structural complexity of the causative bodies. 282 

Similar models have previously been used to evaluate gravity interpretation methodologies (Zhang 283 

& Wong, 2015; Zhang et al., 2018). Consequently, this model provides a rigorous test of the 284 

capability of UCRD to reconstruct large-scale structural geometry and of NFG to characterize 285 

depth variations within spatially extensive source systems. 286 

3.1. Synthetic model 1 287 

Figure 2 illustrates the application of the UCRD framework to Synthetic Model 1. The 288 

decomposition process generates seven restricted wavelength levels through successive upward 289 

continuation, with continuation heights (ݖ߂) ranging from 0.6 to 242.1 km. At each level, the 290 

upward-continued field from the previous stage serves as the input for the subsequent 291 

decomposition step, producing a hierarchical representation of the gravity field across 292 

progressively increasing wavelength ranges. The resulting RWL are subsequently transformed into 293 

SRWL. 294 

The decomposition reveals a systematic evolution of anomaly responses with increasing 295 

continuation height. Shallow components dominate the lower levels, whereas deeper and longer-296 

wavelength contributions become increasingly prominent at larger ݖ߂ values. For Synthetic Model 297 

1, the principal anomalous bodies are most clearly expressed between levels 3 and 6 (Δz = 4.4–89 298 

km), indicating that these continuation intervals contain the dominant structural information 299 

associated with the model. Although the overall spatial patterns of the RWL and SRWL responses 300 

remain comparable, the SRWL transformation produces sharper and more localized anomaly 301 

signatures, thereby improving structural definition and enhancing the continuity of reconstructed 302 

features. 303 
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To evaluate the three-dimensional imaging capability of the proposed framework, Figure 3 304 

presents vertical sections extracted along three XZ profiles (Y = 96, 300, and 504 km) and three 305 

YZ profiles (X = 96, 300, and 504 km). The UCRD sections were generated by interpolating 306 

between the seven SRWL levels shown in Figure 2d. Comparison with the true model geometry 307 

demonstrates that the reconstructed sections successfully recover the overall spatial distribution, 308 

polarity, and lateral extent of the synthetic bodies. While UCRD provides a continuous 309 

representation of subsurface structural geometry, it does not directly estimate source depth because 310 

the vertical axis corresponds to upward-continuation height rather than physical depth. 311 

To constrain source depth, the UCRD results are integrated with NFG imaging. The corresponding 312 

NFG sections shown in Figure 3 provide quantitative depth information and exhibit strong spatial 313 

agreement with the reconstructed UCRD structures. Consequently, the two methods provide 314 

complementary information: UCRD delineates the geometry and polarity of subsurface structures, 315 

whereas NFG supplies independent depth constraints. 316 

Following the imaging criterion proposed by Alipour et al. (2023b), maximum NFG responses 317 

were traced across increasing harmonic intervals to identify the optimal harmonic number (N). 318 

Figure 4 illustrates the procedure for the profile at Y = 96 km. The logarithmic harmonic-energy 319 

spectrum (Fig. 4b) exhibits a transition zone between long-wavelength and short-wavelength 320 

regimes, indicating the range within which the optimal harmonic solution is expected to occur. For 321 

this profile, the transition is centered near N ≈ 29. The corresponding NFG responses for N = 27–322 

31 (Fig. 4a) demonstrates progressive focusing of anomaly maxima, with the most coherent and 323 

spatially concentrated responses occurring at N = 28 and N = 29. These solutions provide the most 324 

reliable depth estimates and exhibit the strongest agreement with the known geometry of the 325 

synthetic model. 326 
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3.2. Synthetic model 2 327 

Figure 5 illustrates the application of the UCRD framework to Synthetic Model 2 (Fig. 1b; Table 328 

2). The decomposition process generates seven restricted wavelength levels with continuation 329 

heights (ݖ߂) ranging from 0.6 to 242.1 km. At each level, the gravity field is progressively 330 

separated into wavelength-restricted components, which are subsequently transformed into SRWL 331 

representations. Comparison between the RWL and SRWL responses demonstrates that the 332 

normalization procedure significantly improves structural definition. In particular, the SRWL 333 

levels provide sharper and more localized anomaly responses, allowing clearer discrimination 334 

between the shallow cube and the deeper overlapping bodies. This improvement is most evident 335 

between levels 4 and 6, where the structural transition from shallow to deep sources becomes more 336 

clearly resolved. 337 

The reconstructed geometry is further examined through vertical sections extracted along the XZ 338 

profile at Y = 250 km and the YZ profile at X = 250 km (Fig. 6). As in Synthetic Model 1, the 339 

UCRD sections successfully recover the overall geometry of the causative structures despite the 340 

complexity introduced by overlapping sources. The overlapping blocks generate composite 341 

anomaly responses that are difficult to interpret directly from the gravity field alone; however, the 342 

UCRD reconstruction separates the dominant structural components and provides a coherent 343 

representation of their spatial relationships. The corresponding NFG sections supply quantitative 344 

depth information and exhibit strong agreement with the reconstructed geometry. 345 

The NFG imaging criterion based on tracing maximum responses across increasing harmonic 346 

intervals is illustrated in Figure 7 for the profile at Y = 250 km. The harmonic-energy spectrum 347 

indicates a transition from long-wavelength to short-wavelength responses near N = 11, 348 
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corresponding to the dominant deep structure. Examination of the NFG responses shows 349 

progressive focusing of anomaly maxima between N = 11 and N = 13, followed by a rapid 350 

transition at N = 14. Because the responses at N = 11–13 are highly consistent, N = 11 was selected 351 

as the most stable representative harmonic number for the long-wavelength component and was 352 

subsequently used for depth characterization in Figure 6. 353 

An additional short-wavelength feature is evident in the UCRD reconstruction, producing an 354 

asymmetric geometry associated with the shallow body located near X = 100 km (Fig. 6a). This 355 

feature is independently supported by a stable NFG response at N = 39, which delineates the left 356 

boundary of the shallow structure immediately before the onset of artifact responses. The 357 

agreement between the UCRD reconstruction and the corresponding NFG solution demonstrates 358 

the ability of the combined framework to distinguish overlapping sources and to characterize both 359 

shallow and deep structural components within a single gravity dataset. 360 

3.3. Synthetic model 3 361 

Figure 8 illustrates the application of the UCRD framework to Synthetic Model 3 (Fig. 1c; Table 362 

3). The decomposition generates seven restricted wavelength levels with continuation heights (ݖ߂) 363 

ranging from 0.6 to 242.1 km. As in the previous examples, the gravity field is progressively 364 

separated into wavelength-restricted components and subsequently transformed into SRWL 365 

representations. Comparison of the RWL and SRWL responses demonstrates the effectiveness of 366 

the scaling procedure in enhancing structural expression. The improvement is particularly evident 367 

between levels 3 and 5, where the SRWL responses exhibit sharper and more localized anomaly 368 

patterns. For example, the shallow blocks located at depths of 10–20 km are clearly expressed in 369 

the level-4 SRWL response, whereas their signatures are substantially less distinct in the 370 
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corresponding RWL representation. These results indicate that the SRWL transformation 371 

improves the resolution of both shallow and intermediate-depth structural components within 372 

laterally extensive source systems. 373 

Figure 9 presents vertical sections of the gravity anomaly, UCRD reconstruction, and NFG 374 

responses along XZ profiles at Y = 50 km and Y = 100 km and YZ profiles at X = 50 km and X = 375 

100 km. Despite the complexity of the model and the large number of individual source bodies, 376 

the UCRD reconstruction successfully recovers the overall geometry of the composite structure. 377 

The reconstructed sections reveal both shallow and deep structural components, demonstrating the 378 

capability of the method to image source distributions that are difficult to recognize directly from 379 

the gravity anomaly alone. The corresponding NFG sections provide complementary depth 380 

information and exhibit good agreement with the reconstructed geometry. 381 

The NFG imaging criterion based on tracing maximum responses across increasing harmonic 382 

intervals is illustrated in Figure 10 for the profile at Y = 100 km. The harmonic-energy spectrum 383 

indicates a characteristic transition near N = 21, corresponding to the dominant component of the 384 

model. Harmonic numbers N = 12–14 produce focused maxima associated with the deeper 385 

structures, whereas harmonic numbers N = 20–22 emphasize the extended shallow to deep 386 

components. The presence of these two stable harmonic regimes demonstrates the ability of the 387 

combined UCRD–NFG framework to resolve multiple depth levels within complex and laterally 388 

extensive gravity-source configurations. 389 

 390 

4. Discussion on synthetic tests 391 
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The synthetic experiments demonstrate the complementary roles of the UCRD and NFG 392 

frameworks for gravity interpretation. UCRD provides a interpretable reconstruction of subsurface 393 

structural geometry by decomposing the gravity field into RWL components and enhancing their 394 

structural expression through the SRWL transformation. In contrast, NFG supplies quantitative 395 

depth information through analysis of harmonic-domain gradient responses. Used together, the 396 

two methods enable simultaneous characterization of structural geometry and source depth from 397 

gravity data alone. 398 

A particular advantage of the combined framework is its ability to reduce ambiguities associated 399 

with NFG interpretation. Previous studies have shown that tracing maximum NFG responses 400 

across increasing harmonic intervals provides an effective imaging criterion for identifying source 401 

depths and selecting the optimal harmonic number (Alipour et al., 2023b). However, NFG 402 

responses may be difficult to interpret in complex situations because anomaly maxima can 403 

originate from source boundaries, internal structural variations, or overlapping responses from 404 

bodies located at different depths. Furthermore, identification of the appropriate harmonic number 405 

is not always straightforward. In such cases, the geometric information provided by UCRD serves 406 

as an independent constraint, facilitating discrimination between competing NFG solutions and 407 

improving confidence in the interpretation. 408 

An additional advantage of the proposed methodology is that it operates directly on gravity data 409 

and does not require supplementary geophysical information or a priori structural constraints. 410 

Consequently, preliminary structural characterization can be performed without reliance on 411 

seismic data (Zhdanov, 2002; Farquharson & Oldenburg, 2004; Bosch et al., 2010; Moorkamp et 412 

al., 2011), computationally intensive inversion procedures (Oldenburg, 1974; Li & Oldenburg, 413 

1998; Zhao et al., 2018; Zhang et al., 2018), joint inversion strategies (Gallardo & Meju, 2004; 414 
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Lelièvre et al., 2012; Lin & Zhdanov, 2018; Ming et al., 2024), or forward modelling approaches 415 

(Talwani & Ewing, 1960; Nagy, 1966). Although UCRD is not intended to replace these 416 

methodologies, the reconstructed structural geometries can provide valuable starting models, 417 

geometric constraints, and parameterization guidance for subsequent forward modelling and 418 

inversion studies. 419 

The three synthetic models were designed to evaluate the performance of the proposed framework 420 

under progressively more challenging conditions. Synthetic Model 1 assessed the capability of the 421 

method to reconstruct multiple isolated and adjacent bodies with varying dimensions and density 422 

contrasts. Synthetic Model 2 examined the ability of the framework to resolve overlapping sources 423 

and distinguish shallow from deeper structural components. Synthetic Model 3 provided a rigorous 424 

test of large-scale structural reconstruction in a laterally extensive multi-level system characterized 425 

by substantial depth variability. Across all three experiments, the UCRD reconstructions showed 426 

good agreement with the true model geometries, while the NFG responses provided consistent 427 

depth estimates. The results demonstrate that the combined UCRD–NFG framework is capable of 428 

recovering both structural geometry and depth characteristics over a broad range of source 429 

configurations and complexity levels. 430 

Synthetic model 1. The UCRD results for Synthetic Model 1 are presented in Figure 2d, where the 431 

horizontal SRWL levels constitute the primary output of the decomposition procedure. The vertical 432 

sections shown in Figure 3 are generated by interpolation between the seven SRWL levels. 433 

Although the interpolation process smooths some fine-scale features, the resulting sections provide 434 

a useful representation of the reconstructed geometry and allow direct comparison with the 435 

corresponding NFG depth responses. 436 
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The first prominent UCRD responses appear at level 3 and correspond to stepped blocks 1–3 437 

together with the shallow positive-density cubes. According to Table 1, these bodies begin at 438 

depths of approximately 10 km and possess positive density contrasts. Their responses remain 439 

visible through levels 4 and 5 before gradually diminishing at higher continuation levels. 440 

Particularly strong positive anomalies are observed in Figure 3a (XZ profile at (500, 96) km), 441 

Figure 3b (XZ profile at (300, 300) km), and Figure 3c (XZ profile at (100, 504) km). In all cases, 442 

increasing continuation height is associated with increasing source depth, and corresponding NFG 443 

maxima occur at harmonic numbers N = 28, N = 31, and N = 35, respectively. 444 

The response of stepped block 1 is especially evident in Figure 3a. The NFG maximum at N = 28 445 

delineates the lower portion of the structure, highlighted by the red interior circle. At this location, 446 

the response of stepped block 1 is influenced by the adjacent shallow cube, producing a composite 447 

anomaly pattern. Examination from an alternative viewing direction (YZ profile at (504, 100) km) 448 

in Figure 3f reveals a sharp UCRD response together with a stable NFG maximum at N = 60. 449 

Combining the UCRD reconstruction, NFG responses, and the SRWL levels shown in Figure 2d 450 

indicates the presence of a large stepped structure that extends from near-surface depths to greater 451 

than 50 km. This geometry is particularly evident in Figure 3f, where the UCRD response begins 452 

at shallow depth near Y ≈ 10 km, reaches depths of approximately 50 km near Y ≈ 100 km, and 453 

then rises again toward shallower levels. The corresponding NFG maxima, marked by red circles, 454 

appear to delineate the structural boundaries of the body.  455 

Similar behavior is observed for stepped block 2 and the adjacent shallow cube near coordinates 456 

YZ profile at (96, 500) km in Figure 3d. For stepped block 2, in Figure 3c (XZ profile at (100, 457 

504) km), the UCRD reconstruction and the NFG response at N = 35 show excellent agreement 458 

with the known geometry of the synthetic model. Figure 3d further confirms this interpretation 459 
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through a stable NFG response at N = 57. Stepped block 3 (300, 300) km is clearly identified in 460 

Figure 3b and Figure 3e, where both UCRD and NFG indicate a structure extending from near-461 

surface depths around Y = 250 km to depths exceeding 50 km near Y = 350 km. 462 

The six cubic bodies provide an additional test of the ability of the proposed framework to resolve 463 

structures with different geometries, depths, and density contrasts. Cube 1 ((300, 500) km) is 464 

recovered particularly well, as demonstrated by the strong agreement between the UCRD 465 

reconstruction and NFG responses in Figure 3c (N = 54) and Figure 3e (N = 104). Cube 3 ((100, 466 

300) km) is also successfully recovered in Figure 3d (N = 43) and Figure 3b (N = 67), while cube 467 

5 ((100, 100) km) produces clear UCRD responses and NFG maxima at N = 29 and N = 38. The 468 

N = 29 response corresponds approximately to the center of the body, whereas N = 38 is more 469 

closely associated with its upper boundary. The cube 6 (300, 100) km is represented in Figure 3a 470 

(N = 28) and Figure 3e (N = 33), providing a reasonable reconstruction of its geometry and depth. 471 

The deepest bodies in the model, cubes 2 (500, 500) km and 4 (500, 300) km, present a greater 472 

challenge because their responses are partially masked by shallower structures. Consequently, 473 

UCRD occasionally places these bodies at shallower apparent depths, and NFG responses may be 474 

weak or absent in some profiles. For example, cube 4 produces only a weak NFG response in 475 

Figure 3b at N = 29, while cube 2 is represented by a response at N = 20 in Figure 3c. In Figure 476 

3f, cube 4 is associated with N = 32, whereas cube 2 does not produce a clearly identifiable NFG 477 

maximum. Although some profiles underestimate depth, alternative viewing directions generally 478 

recover the correct structural position. This behavior is consistent with previous studies 479 

demonstrating that deep sources can be partially obscured by dominant shallow anomalies (e.g., 480 

Rezaie et al., 2017). 481 
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The performance of the proposed framework compares favorably with previously published 482 

investigations of this benchmark model, including studies by Zhang and Wong (2015), Lin and 483 

Zhdanov (2018), Vatankhah et al. (2018), Fregoso et al. (2020), and Yang et al. (2020). These 484 

studies show that unconstrained inversion often struggles to recover the true geometry of complex 485 

source distributions and generally requires additional constraints, depth weighting, or 486 

complementary geophysical information. In contrast, UCRD provides a direct representation of 487 

structural geometry from gravity data alone, while NFG independently supplies depth information. 488 

The combination of the two approaches therefore offers a practical means of reconstructing both 489 

geometry and depth prior to more computationally intensive inversion procedures. As noted by 490 

Williams (2008), Synthetic test similar to Model 1 represents a particularly demanding test because 491 

it contains bodies with different geometries, density contrasts, polarities, and burial depths. 492 

Nevertheless, the strongest UCRD and NFG responses consistently correspond to the principal 493 

structural elements of the model, demonstrating the effectiveness of the proposed methodology 494 

under complex multi-source conditions. 495 

Synthetic model 2. Synthetic Model 2 (Fig. 1b; Table 2) consists of three rectangular prisms: a 496 

shallow, relatively small prism (Prism 1), an intermediate-depth prism (Prism 2), and a deeper 497 

prism (Prism 3). The partial overlap between Prisms 2 and 3 produces a high-density overlap zone, 498 

generating a complex gravity response that makes structural recovery particularly challenging. 499 

The UCRD decomposition results (Fig. 5d) reveal the progressive emergence of the different 500 

source bodies with increasing continuation height. Prism 1, located near coordinates (100, 250), is 501 

primarily expressed at levels 3 and 4, whereas Prism 2, centered near (250, 150), becomes most 502 

apparent at levels 4 and 5. The strongest responses associated with the overlapping deeper prisms 503 

occur at level 6. These observations indicate that the UCRD decomposition successfully separates 504 
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the shallow and deep structural contributions despite the significant interference produced by the 505 

overlap zone. 506 

The reconstructed geometry is further illustrated in the vertical sections of Figure 6. In Figure 6a, 507 

the shallow body near (100, 250) km is identified within the UCRD reconstruction as 508 

unsymmetrical edge and is associated with a stable NFG response at N = 39. The NFG maximum 509 

occurs along the outer boundary of the structure and provides a reliable depth estimate for the 510 

shallow prism. The central overlapping region near (250, 250) exhibits particularly good 511 

agreement between the UCRD reconstruction and the true model geometry. In this area, the upward 512 

continuation height correlates closely with the actual depth distribution of the source bodies, while 513 

the NFG responses provide independent quantitative depth constraints. 514 

The YZ section shown in Figure 6b further demonstrates the capability of the combined UCRD–515 

NFG framework. Although the UCRD reconstruction slightly overestimates depth in parts of the 516 

section, the corresponding NFG responses at N = 12 and N = 14 delineate the depth extent of the 517 

structure through its lateral boundaries. The complementary nature of the two methods is 518 

particularly evident in this profile: UCRD provides the overall structural geometry, whereas NFG 519 

supplies more precise depth information where the geometry alone becomes ambiguous. 520 

This synthetic model represents a demanding test because the overlapping prisms generate 521 

composite anomaly signatures that obscure the true source geometry. Nevertheless, the combined 522 

interpretation of Figures 5 and 6 demonstrates that UCRD and NFG together provide detailed 523 

information on both structural configuration and depth distribution. Similar difficulties have been 524 

reported in previous studies of gravity inversion. As illustrated by the response in Figure 6b, NFG 525 

recovery becomes increasingly challenging for laterally extensive bodies, where maxima are often 526 

concentrated near structural boundaries rather than within the interior of the source. Comparable 527 
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challenges have been discussed by Zhang and Wong (2015) in the recovery of horizontally 528 

extensive bodies and by Sun et al. (2021) in three-dimensional gravity inversion on unstructured 529 

grids. The present results indicate that the integration of UCRD and NFG provides a practical 530 

means of addressing such ambiguities by combining geometric reconstruction with independent 531 

depth estimation. 532 

Synthetic model 3. Synthetic Model 3 (Fig. 1c; Table 3) represents a laterally extensive structure 533 

composed of multiple blocks distributed at different depths. The UCRD decomposition results 534 

(Fig. 8d) exhibit well-defined responses between levels 3 and 5, corresponding to the progression 535 

from the shallowest to the deepest structural components of the model. Comparison with the true 536 

geometry (Fig. 1c) indicates that these levels contain the principal information associated with the 537 

reconstructed structure. 538 

To examine the three-dimensional geometry of the model, four vertical profiles were analyzed 539 

(Fig. 9). The UCRD sections (Figs. 9a–d) consistently reveal a broad anomalous body extending 540 

approximately from X = 50 to 150 km and from Y = 50 to 150 km. This continuity suggests the 541 

presence of a laterally extensive structure with relatively uniform density characteristics. The 542 

corresponding NFG responses provide additional depth constraints and reveal variations that are 543 

not immediately apparent from the UCRD reconstruction alone. 544 

For the XZ profile at Y = 50 km (Fig. 9a), the NFG response at N = 21 identifies a shallow 545 

structural boundary at depths of approximately 10–20 km. Along the YZ profile at X = 50 km (Fig. 546 

9c), a deeper edge response is observed at depths of approximately 15–25 km, also corresponding 547 

to N = 21. In addition, a weaker NFG maximum occurs near coordinates (50, 100) at N = 29, which 548 

is interpreted as a deeper block located at approximately 20–30 km depth. 549 
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The profile at Y = 100 km (Fig. 9b) reveals a bowl-shaped structure extending from approximately 550 

10 to 30 km depth. The principal response is associated with N = 21, while two edge-related 551 

maxima occur at N = 13 and correspond to depths of approximately 20–30 km. Similarly, the YZ 552 

profile at X = 100 km (Fig. 9d) exhibits an edge response at N = 16 associated with depths of 553 

approximately 20–30 km, together with a weaker response at N = 21 corresponding to the 554 

shallower portion of the structure. 555 

The combined interpretation of the UCRD decomposition (Fig. 8d) and the NFG depth responses 556 

(Fig. 9) indicates that the model is characterized by a laterally continuous body extending across 557 

much of the central part of the study area. The UCRD results define the overall geometry and 558 

spatial continuity of the structure, whereas the NFG responses identify distinct depth levels and 559 

structural boundaries. Together, the results suggest a relatively uniform-density body extending 560 

from approximately 10 to 30 km depth, in excellent agreement with the geometry of the synthetic 561 

model. 562 

 563 

5. Conclusions 564 

This study introduced the Upward Continuation Restriction to Decomposition (UCRD) method, a 565 

spectral framework designed to reconstruct subsurface structural geometry directly from Bouguer 566 

gravity anomalies. Through successive upward continuation and restricted-wavelength 567 

decomposition, the gravity field is separated into a series of depth-related components that 568 

progressively reveal the spatial organization of subsurface density contrasts. Application of a three-569 

dimensional analytic signal transformation followed by scale-adaptive normalization produces 570 

scaled restricted wavelength (SRWL) responses that preserve anomaly polarity, retain physical 571 
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units (mGal), and provide a physically interpretable representation of subsurface structural 572 

geometry. 573 

Because gravity anomalies alone do not uniquely constrain source depth, UCRD was integrated 574 

with the normalized full gradient (NFG) method. Within this framework, UCRD provides 575 

geometric characterization of subsurface structures, whereas NFG supplies independent depth 576 

constraints through harmonic-domain gradient analysis. The combined methodology therefore 577 

enables simultaneous interpretation of structural geometry and source depth using gravity data 578 

alone. 579 

Evaluation using three synthetic models representing isolated bodies, overlapping structures, and 580 

laterally extensive multi-level sources demonstrates that the proposed framework is capable of 581 

recovering both horizontal and vertical structural patterns over a broad range of source 582 

configurations. The SRWL responses consistently provide sharper and more localized structural 583 

signatures than the original gravity anomalies and conventional restricted-wavelength 584 

components, improving the delineation of subsurface features. In parallel, NFG depth estimates 585 

show strong agreement with the true source geometry and remain effective even in challenging 586 

situations involving overlapping bodies, strong geometric contrasts, and laterally extensive 587 

structures. 588 

An important advantage of the proposed methodology is that it operates directly on gravity data 589 

without requiring prior geological information, structural constraints, forward modelling, or 590 

computationally intensive inversion procedures. Consequently, the UCRD–NFG framework can 591 

serve as a rapid and computationally efficient interpretation tool, while also providing valuable 592 

initial models and geometric constraints for subsequent inversion and integrated geophysical 593 

investigations. 594 
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Although the method remains subject to limitations inherent to spectral decomposition, including 595 

partial wavelength overlap between adjacent levels and smoothing effects associated with vertical 596 

interpolation, the results demonstrate that UCRD provides a robust and intuitive approach for 597 

structural imaging from gravity data. The combined UCRD–NFG framework therefore represents 598 

a practical addition to the toolbox of gravity interpretation methods, particularly for regional-scale 599 

investigations where rapid characterization of subsurface geometry and depth is required. 600 
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 809 

Figure 1.  (a) Synthetic Model 1, (b) Synthetic Model 2 and (c) Synthetic Model 3. 810 
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 811 

Figure 2.  Step-by-step UCRD procedure for synthetic model 1 (Fig. 1a and Table 1). (a) Gravity signal, 812 

(b) upward continued field, (c) RWLi, and (d) SRWLi at each UCRD level. 813 
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 814 

Figure 3. Vertical sections of the gravity anomaly, UCRD, and NFG responses for Synthetic Model 1 along 815 

XZ profiles at (a) Y = 96 km, (b) Y = 300 km, and (c) Y = 504 km, and along YZ profiles at (d) X = 96 km, 816 

(e) X = 300 km, and (f) X = 504 km. The true geometry of the synthetic bodies is outlined by dashed white 817 

rectangles in the UCRD panels and dashed black rectangles in the NFG panels. UCRD responses 818 

aredisplayed in mGal, whereas the corresponding NFG intensity scale is shown beneath the UCRD color 819 

bar. 820 
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 821 

Figure 4. (a) NFG responses along the XZ profile at Y = 96 km for harmonic numbers n = 27–31. Color 822 

maps are shown on the left and corresponding contour maps on the right. (b) Harmonic-energy spectrum 823 

showing harmonic number n on the x-axis and ݈₁₀݃݋(ܤₙ²) on the y-axis. The red and blue lines represent 824 

the low-degree (long-wavelength) and high-degree (short-wavelength) harmonic trends, respectively. The 825 

transition between these trends defines the optimal harmonic number (N = 29). The blue dashed rectangle 826 

denotes the artifact region, where harmonic responses are not considered interpretable. 827 
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 828 

Figure 5.  Step-by-step UCRD procedure for synthetic model 2 (Fig. 1b and Table 2). (a) Gravity signal, 829 

(b) upward continued field, (c) RWLi, and (d) SRWLi at each UCRD level. 830 

 831 
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 832 

Figure 6.  Vertical sections of the gravity anomaly, UCRD, and NFG responses for Synthetic Model 2 833 

along (a) the XZ profile at Y = 250 km and (b) the YZ profile at X = 250 km. Figure conventions are as in 834 

Figure 3. 835 
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 836 

Figure 7. (a) NFG responses along the XZ profile at Y = 250 km for harmonic numbers n = 9–14. The left 837 

panels show color maps and the right panels show the corresponding contour representations. (b) Harmonic-838 

energy spectrum plotted as ݈₁₀݃݋(ܤₙ²) versus harmonic number n. The red line corresponds to the long-839 
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wavelength (low-degree) harmonic regime, whereas the blue line represents the short-wavelength (high-840 

degree) harmonic regime. The transition zone between the two trends indicates the optimal harmonic 841 

number (N = 11). The blue dashed rectangle outlines the artifact region excluded from interpretation. 842 

 843 

 844 

Figure 8.  Step-by-step UCRD procedure for synthetic model 3 (Fig. 1c and Table 3). (a) Gravity signal, 845 

(b) upward continued field, (c) RWLi, and (d) SRWLi at each UCRD level. 846 

 847 
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 848 

Figure 9.  Vertical slices of the anomaly, UCRD, and NFG responses for synthetic model 3 along XZ 849 

profiles at (a) Y = 50 km and (b) Y = 100 km, and along YZ profiles at (c) X = 50 km and (d) X = 100 km. 850 
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 851 

Figure 10.  (a) NFG responses along the XZ profile at Y = 100 km for harmonic numbers n = 12–14 and n 852 

= 20–22. The left panels show color maps and the right panels show the corresponding contour 853 

representations. (b) Harmonic-energy spectrum plotted as ݈₁₀݃݋(ܤₙ²) versus harmonic number n. The red 854 



46 

 

line corresponds to the long-wavelength (low-degree) harmonic regime, whereas the blue line represents 855 

the short-wavelength (high-degree) harmonic regime. The transition between the two regimes occurs near 856 

N = 21, which provides the most stable response for interpretation. The blue dashed rectangle outlines the 857 

artifact region excluded from interpretation 858 
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 862 

Tables 863 

Table 1. Properties of synthetic model 1 features (Fig. 1a). 864 

Feature Type 
Density 
(kg/m³) 

Depth Range 
(km) 

Coordintes 
(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)  

Stepped 
Block 1 

Stepped Block 550 10–50 (500, 100) 
Composed of four 
prisms, each 10 km 
thick 

Near-
Surface 
Block 1 

Rectangular 
Prism 

650 10–20 (500, 100) 
Adjacent to 
Stepped Block 1 

Stepped 
Block 2 

Stepped Block 550 10–50 (100, 500) 
Composed of four 
prisms, each 10 km 
thick 

Near-
Surface 
Block 2 

Rectangular 
Prism 

550 10–20 (100, 500) 
Adjacent to 
Stepped Block 2 

Stepped 
Block 3 

Stepped Block 550 10–50 (300, 300) 
Composed of four 
prisms, each 10 km 
thick 

 865 
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Table 2. Properties of synthetic model 2 (three rectangular prisms; see Fig. 1b). 866 

Feature Type 
Density 
(kg/m³) 

Depth 
Range 
(km) 

Additional Notes 

Rectangular 
Prism 1 

Rectangular 
Prism 

300 20–30 
Represents the shallowest 
structure 

Rectangular 
Prism 2 

Rectangular 
Prism 

400 30–60 Intermediate-depth structure 

Rectangular 
Prism 3 

Rectangular 
Prism 

500 50–100 Deepest structure 

High-Density 
Overlap Zone 

Overlapping 
Region 

900 50–60 
Overlap between prisms 2 and 
3, with high-density anomaly 

 867 

Table 3. Properties of synthetic model 3 features (Fig. 1c). 868 

Feature Type 
Density 
(kg/m³) 

Depth 
Range (km) 

Size (km) Additional Notes 

Block 1–25 
Neighboring 
Blocks 

200 10–30 
20×20 in XY 
plane, 10 km 
thick 

All blocks have the 
same density, buried 
at varying depths 
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