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Abstract

The gravitational potential field plays a pivotal role in interdisciplinary geological exploration. 
Recently, significant progress has been made in inversion techniques for three‑dimensional gravity 
anomaly and its gradient tensor data in the spatial domain. However, in geoscientific research, 
gravity anomalies derived from models such as the Earth Gravitational Model  (EGM) and other 
characteristic series models are prevalent. These spherical harmonic models have limitations due 
to their finite order, which can lead to truncation errors when traditional spatial domain inversion 
methods are applied. To address this problem, this paper presents a novel inversion method 
for three‑dimensional gravity and its gradient tensor data in the wavenumber domain. Unlike 
the spatial domain inversion, the Green’s function matrix in the wavenumber domain is sparse, 
resulting in substantial improvements in computational efficiency and reduced calculation time. 
Furthermore, to tackle the issue of multiple solutions often encountered in wavenumber domain 
inversions, regularization techniques commonly used in the spatial domain have been incorporated. 
This strategic integration stabilizes the inversion process and enhances the reliability of the results. 
To validate the effectiveness of the proposed method, rigorous testing using theoretical model 
data and field data has been performed. The inversion results clearly demonstrate the robustness 
of this novel approach, making it highly suitable for inverting three‑dimensional gravity anomalies 
and their gradient tensor data.
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1. Introduction

Gravity inversion serves as a fundamental technique for exploring crustal or lithospheric structure and earth’s
evolution. Traditionally, three‑dimensional gravity inversion has been primarily conducted within the spatial 
domain (Li and Oldenburg, 1996; 1998). By utilizing Green’s function matrix, also known as the kernel matrix, 
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a linear relationship can be formulated between the discretized field source model and the observed gravity 
anomaly. However, when addressing three‑dimensional issues, the kernel matrix tends to be dense and large‑scale. 
This characteristic of the potential field results in a significant computational burden.

Considerable research endeavors focus on optimizing the efficiency of large‑scale gravity inversion. 
The Equivalent Geometric Framework technique notably decreases computational expenses (Yao et al., 2003, 2007). 
Wavelet transform algorithms compress kernel matrices, minimizing storage needs for redundant and insignificant 
data, thereby alleviating computational loads (Li and Oldenburg, 2003; Davis and Li, 2011). Transitioning inversion 
from model space to data space facilitates swift joint inversion processes (Zhang et al., 2022). Dense kernel matrices 
can be decomposed using the Randomized Singular Value Decomposition (RSVD) method (Vatankhah et al., 2018). 
By segmenting gravity data into subsets and leveraging deep learning, rapid inversion of extensive gravity datasets 
becomes feasible (Huang et al., 2022). Leveraging MPI and GPU acceleration technologies enables large‑scale, rapid 
inversion (Cuma et al., 2014; Hou et al., 2016). While parallel computing significantly boosts computational speeds, it 
also demands considerable computational resources. Thus, the ongoing challenge is to enhance inversion efficiency 
while minimizing resource consumption.

Furthermore, the development of three‑dimensional gravity inversion in the space domain has reached 
a considerable level. However, spherical harmonic gravity anomaly models, including the EGM, the EIGEN 
series global and/or regional gravity field models, have been frequently utilized to explore geoscience problems 
(Pavlis et al., 2008; 2012; Hirt et al., 2013). It should be noted that if the traditional 3D inversion approach in the space 
domain is employed, truncation errors will inevitably be introduced due to the inherent finite order of the harmonic 
model. This limitation can potentially impact the accuracy and reliability of the geoscientific interpretations.

Compared to forward and inversion in the spatial domain, forward and inversion in the wavenumber domain  
offers advantages such as efficient computational capabilities, lower memory consumption, and convenient 
formula expression (Cui and Guo, 2019; Zhao et al., 2019). A forward method for gravity and magnetic anomalies of 
inhomogeneous undulating layers in the wavenumber domain (Parker, 1973) and the wavenumber-domain forward 
formulas for gravity and magnetic anomalies of inhomogeneous horizontal layers (Blakely, 1995) are introduced. 
Xu  et  al.  (2018) proposed a forward method in the wavenumber domain for three-dimensional fault models. 
Dai et al. (2019; 2020) combined the advantages of the spatial and wavenumber domains to develop a rapid forward 
method for mixed gravity anomalies. Hogue et  al.  (2020) integrated the Block Toeplitz Toeplitz Block  (BTTB) 
structure with the Fast Fourier Transform (FFT) to develop an efficient forward method in the wavenumber domain.

In recent years, significant progress has been made in the development of wavenumber-domain inversion 
methods. Jing et al. (2019) proposed a rapid forward method in the wavenumber domain for vertically layered media, 
significantly enhancing the efficiency of large-scale inversions. Renaut et al. (2020) leveraged the BTTB structure 
of the gravity sensitivity matrix, utilized the Fast Fourier Transform (FFT) for the computation of the kernel matrix 
and its transpose, reducing memory requirements. Additionally, the fast cross-gradient (Vatankhah,  2022) and 
reweighted Gramian-constrained joint inversions (Saeed, 2022) have been developed in the wavenumber domain. 
These inversion methods employ layered forward in the wavenumber domain, effectively conserving computational 
memory and improving efficiency. Layered forward in the wavenumber domain necessitates multiple applications 
of the FFT followed by an inverse FFT to convert the forward results from the wavenumber domain to the spatial 
domain, where the inversion is subsequently performed. Furthermore, although large dense kernel matrices can be 
decomposed to reduce computational dimensionality, the decomposed matrices remain substantial in size, leading 
to high computational costs.

To tackle the aforementioned challenges, this paper introduces a inversion method for gravity anomaly and 
its gradient tensor data in the full-wavenumber domain, blending the wavenumber-domain forward approach for 
gravity anomaly data with traditional spatial-domain inversion methods. Initially, this paper offers an analytical 
formula for rectangular prism elements within the wavenumber domain. Utilizing this formula to formulate Green’s 
matrices for the discretized field source model results in matrices that can be transformed into a three-matrix 
multiplication form, offering sparsity compared to the space-domain representation. The second section elaborates 
on the comprehensive methodology proposed herein. Furthermore, the third section utilizes synthetic and filed 
data to evaluate the feasibility of this approach. The final section discusses the recognized strengths and limitations 
of this method, along with potential future applications and development directions.
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2. Methodology

When the meshing units are rectangular prisms, the calculation formula for the gravity anomaly Δ𝑔 at any point 
in the spatial domain can be expressed as (Nagy, 1996):

	 � (1)

where, 𝐺  is the universal gravitational constant, Δ𝜌  is the density anomaly,   
is the distance between the field source and the observation point, 𝑥, 𝑦, and 𝑧 are the coordinates of the observation 
point, 𝜉, 𝜂, and ℎ are the coordinates of the density partition unit, ℎ0 and ℎ1 are the coordinates of any meshing unit 
in the depth direction, and 2𝑎 and 2𝑏 are the lengths of the meshing units in the 𝑥 and 𝑦 directions, respectively.

The forward formula for gravity anomaly Δ𝑔 in spatial domain can usually be expressed as,

	 � (2)

where, 𝒎 and 𝒈 represent the density anomaly model and observed gravity anomaly, respectively, and 𝑨 represents 
the dense kernel matrix. The linear relationship can be established between the field source and gravity anomalies 
and their gradient tensors according to the previous researches (Nagy et al., 1996; 2000; 2002). This paper introduced 
the linear relationship in the wavenumber domain as the Eq. (3).

	  ,� (3)

where, the 𝜜𝑓 represents the Green’s function matrices, and 𝒈𝑓 represents the spectrum of gravity anomaly computed 
from the Fourier transform.

2.1 Gravity anomaly of the rectangular prism in the wavenumber domain

On the same horizontal plane, the gravity anomaly in the wavenumber domain can be derived through 
a two‑dimensional Fourier transform (𝐹[ ]).

	 � (4)

where, , 𝑢 and 𝜈 are the wavenumbers in the 𝑥 and 𝑦 directions, respectively. If the observed point locates 
on the plane of 𝑧 = 𝑧0, the gravitational potential in the wavenumber domain can be written as follows. For the 
detailed derivation process, please refer to the appendix.

(5)

where, 𝑼 is the gravitational potential in the spatial domain,  . When 𝑧0 = 0, the multiplication form 
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of the forward calculation of the gravity anomaly in the wavenumber domain of the rectangular model can be 
obtained, which can be expressed as,

(6)

In the wavenumber domain, there is a conversion relationship between gravity anomaly and gravity potential 
as follows,

(7)

Considering the division of underground sources into multiple layers, after deduction, the wavenumber- 
domain gravity potential of any partition unit in the L‑th layer (L = 0, 1, 2…, Nz‑1) at the observed point can be 
expressed as,

(8)

where,  .
Then, the gravity anomaly in the wavenumber domain of the observed point can be further transformed as 

follows,

(9)

Additionally, in the wavenumber domain, the six independent gradient tensor components of the gravitational 
potential 𝑼𝑇 can be expressed as following form,

 .� (10)

Furthermore, the calculation formula in the wavenumber domain of the gravity tensor data can be obtained as 
follows.

(11)
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The implementation requires predefining a wavenumber-domain cutoff frequency for effective spectral analysis. 
Assume that the sampling points in the horizontal 𝑥 and 𝑦 directions are predetermined. The frequency range of 𝑢 
and 𝜈 can be computed with Eq. (12), while Eq. (13) is used to determine the sampling intervals of the wavenumbers.

(12)

 ,  (13)

Here, Δ𝑥 and Δ𝑦 are the 𝑥 and 𝑦 grid intervals in the space domain, and m and n are the number of sampling points 
in the 𝑥 and 𝑦 directions, respectively.

2.2 Green’s matrices in the wavenumber domain

From Eq. (9), the kernel matrix in the wavenumber domain can be decomposed into the following formula.

(14)

where,  , the matrix 𝑾 is composed of  , the matrix 𝑾𝐿 is composed of  , and 

the matrix 𝑲 is composed of  .  ,  , 

 , 𝑖 = 𝑁𝑥*𝑗 + 𝑘, 𝑁𝑥 is the number of 𝑢, which is only related to the wave number and independent 

of the Z direction.  ,  , j = 0, 1, 2 …, Nz – 1.  ,  

where,  , j = 1, 2, 3 …, 𝑁𝑥, p = 1, 2, 3…, 𝑁𝑥.  , k = 1,2,3…,𝑁𝑦, q = 1,2,3…,𝑁𝑦, ⨂ 

represents the Kronecker product. Subsequently, the following equation can be obtained.

(15)

From Eqs. (9), (10), and (15), the forward formula for the gravity tensor data in the wavenumber domain can be 
further acquired.

(16)

where,  ,  ,  ,  ,   and   represent the gravity tensor data calculated using Fourier transform,  , 
 ,  ,  ,  and   represent the kernel matrices of the tensor after Fourier transform, and 𝑾𝑥𝑥, 𝑾𝑥𝑦, 𝑾𝑥𝑧, 

𝑾𝑦𝑦, 𝑾𝑦𝑧, 𝑾𝑧𝑧,  ,  ,  ,  ,  ,  , 𝑲𝑥𝑥, 𝑲𝑥𝑦, 𝑲𝑥𝑧, 𝑲𝑦𝑦, 𝑲𝑦𝑧, 𝑲𝑧𝑧 represent matrices similar to 𝑾, 𝑾𝐿, 𝑲 
in Eq. (15).
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2.3 Tikhonov regularization

Gravity inversion is a typical multi solution problem, and adding regularization constraints can effectively 
improve multi solution. Therefore, this paper incorporates regularization constraints from spatial-domain inversion 
methods into Eq. (15), thereby formulating the objective function for the wavenumber-domain inversion of gravity 
anomaly data as follows.

	  ,� (17)

where, Φ represents the objective function, and λ represents the regularization parameter. In addition, the L‑curve 
method in the spatial domain is used to obtain the optimal regularization parameters λ. Additionally, the least 
squares method is used to solve the objective function shown in Eq. (18). Furthermore, the following equation can 
be obtained,

	 � (18)

where 𝑰 represents a standard matrix. Moreover, the least square solution of Eq. (18) can be written as,

	  .� (19)

Apparently, the aforementioned least squares inversion technique can equally be utilized for inverting 
gravity gradient tensor data. The primary difference in performing 3D gravity inversion within the wavenumber 

Input gravity anomaly or its gradient 
tensor data

Obtain the recovered density 
anomaly model

 Perform wavenumber domain 
inversion of gravity data

Perform FFT transform on 
input data

Perform edge expansion processing 
on input data

Initialize wavenumber 
domain inversion

Choose regularization constraints to 
construct the objective function

Select the optimal regularization 
parameters based on the L-curve

Figure 1. The workflow for wavenumber-domain inversion for gravity anomaly data.
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domain hinges on the unique properties of the new Green’s function matrix, which is characterized by sparsity and 
reduced dimensionality. It is evident that prior studies on regularization and constraint methodologies are equally 
pertinent to this inversion process in the wavenumber domain.

Furthermore, the fundamental workflow of the wavenumber-domain inversion for gravity anomalies and their 
gradient tensor data, as introduced in this paper, is showed in Fig. 1, which can be described as follows. Firstly, 
inputting gravity anomaly or gravity gradient tensor data. Then, applying edge extension processing to the input 
gravity data to ensure the number of observations meets the FFT requirements. The edge expansion method used 
in this paper is zero value edge expansion. Then, transforming the extended spatial-domain gravity data into the 
wavenumber domain using the FFT. Then, a minimum-norm regularization technique is adopted to formulate the 
objective function presented in Eq. (17). Next, the wavenumber-domain inversion is initialized, and obtaining the 
optimal regularization parameter λ determined by the L‑curve. Finally, substitute the regularization parameter λ 
into Eq. (19) to execute the inversion and obtain the recovered density anomaly model 𝒎.

3. Results and validation

3.1 Synthetic model test

All testing of the method introduced in this paper was conducted solely on a laptop equipped with 16GB of 
RAM, an i7‑9750H CPU (base clock speed of 2.6 GHz), and a GeForce GTX 1660 Ti GPU. The proposed algorithm was 
implemented using Python 3, without employing any parallel computing methods.

To evaluate the validity of our approach within the wavenumber domain, as detailed in Section 2, we utilized 
synthetic models. Synthetic model one comprises three blocks of residual density, as depicted in Fig. 2. In this paper, 
the units for density anomaly are g/cm3, and the units for gravity anomaly are the internationally accepted gravity 
units g.u.. In this paper, the term “density anomaly” refers to the deviation between the source density and the 
background reference density. Additionally, the high-density anomaly values (e.g. 2.0 g/cm3) displayed in Fig. 2 and 
the subsequent synthetic models are solely intended to validate the accuracy of the method proposed in this paper.

Figure 2. �Schematic diagram of field source with density anomaly of synthetic model  1. (a) Top view of the spatial 
three‑dimensional distribution of density anomaly model, (b) The spatial three‑dimensional distribution of 
density anomaly model.

The forward gravity anomaly and its gradient tensor data in space domain shown in Fig. 3 are calculated based 
on the previous research by Nagy et al. (2000; 2002).

Then, the gravity anomaly and its tensor data in the wavenumber domain were calculated, as shown in Fig. 4. 
Notably, these results closely resemble the forward anomaly outcomes presented in the spatial domain in Fig. 3.
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Figure 3. �Gravity forward anomaly by the space domain method. (a) gxx, (b) gxy, (c) gxz, (d) gyy, (e) gyz, (f) gz, (g) gzz.

Figure 4. �Gravity forward anomaly by the wavenumber domain method. (a) gxx, (b) gxy, (c) gxz, (d) gyy, (e) gyz, (f) gz,  
(g) gzz.
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Then, Fig. 5 presents the result obtained by subtracting the gravity anomaly and gradient tensor data in the 
wavenumber domain from those in the spatial domain, indicating that the two results are very close. It can verify the 
correctness of the forward of gravity anomalies and their gradient tensor data in the wavenumber domain. Additionally, 
compared to forward in the spatial domain, the wavenumber domain method is better suited for gravity potential 
anomaly models represented by finite-order spherical harmonics, especially when handling gridded or filtered data.

Figure 5. �The difference between gravity forward anomaly by two approaches of model 1. (a) gxx, (b) gxy, (c) gxz, (d) gyy, 
(e) gyz, (f) gz, (g) gzz.

We further employed synthetic model 2 to validate the correctness of the wavenumber-domain forward and 
inverse methods proposed in this paper. The spatial distribution of synthetic model 2, which also incorporates three 
density anomalies, is illustrated in Fig. 6.

Figure 6. �Schematic diagram of field source with density anomaly of synthetic model 2. (a) Top view of the spatial 
three‑dimensional distribution of density anomaly model, (b) The spatial three‑dimensional distribution of 
density anomaly model.
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Furthermore, Figs. 7 and 8 respectively present the forward gravity anomaly and gradient tensor data of synthetic 
model 2 in both the spatial domain and wavenumber domain.

Figure 7. �Gravity forward anomaly by the space domain method of synthetic model 2. (a) gxx, (b) gxy, (c) gxz, (d) gyy, 
(e) gyz, (f) gz, (g) gzz

Figure 8. �Gravity forward anomaly by the wavenumber domain method of synthetic model 2. (a) gxx, (b) gxy, (c) gxz, 
(d) gyy, (e) gyz, (f) gz, (g) gzz
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We then compared the forward results of synthetic model 2 in both spatial and wavenumber domains, with the 
differences illustrated in Fig. 9. As can be observed, the discrepancy values shown in Fig. 9 are relatively minor, which 
further validates the accuracy of the wavenumber-domain forward method proposed in this paper.

Figure 9. �The difference between gravity forward anomaly by two approaches of synthetic model 2. (a) gxx, (b) gxy, (c) gxz, 
(d) gyy, (e) gyz, (f) gz, (g) gzz.

Next, we will utilize the forward data from synthetic model 2 shown in Fig. 8 to validate the wavenumber- 
domain inversion method proposed in this paper. First, we will select appropriate regularization parameters based 
on the gravity anomalies and gradient tensor data shown in Fig. 8 by L‑curves method, which will then be applied 
to the subsequent wavenumber‑domain inversion. Figure 10 illustrates the variation characteristics of both model 
error and data error with respect to various regularization parameters λ. For the data error component, a comparison 
is made between the power spectrum error and the corresponding spatial domain data error. The results reveal that 
both trends are identical, and they share the same optimal regularization parameters. According to the Generalized 
Cross Validation  (GCV) method  (Farquharson and Oldenburg,  2004), the trade‑off regularization parameter 
in this context represents the optimal choice. The result shown in Fig. 10 demonstrates that the L‑curve method 
for selecting appropriate regularization parameters is equally applicable to the wavenumber‑domain inversion 
proposed in this paper.
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Figure 10. �Tikhonov curves and the regularization parameter in the wavenumber domain and space domain, separately. 
The black and blue curves represent the results in the wavenumber domain and spatial domain, respectively. 
(a),(b) gxx, (c),(d) gxy, (e),(f) gxz, (g),(h) gyy, (i),(j) gyz, (k),(l) gzz, (m),(n) gz. The labels of the coordinate axes 
from Fig. 10a to Fig. 10n are consistent with Fig. 10o.

In the following section, no noise was added to the observed gravity anomalies, making it straightforward to 
compare the recovered anomalies with the true ones, as illustrated in Fig. 11. It is evident that the residual between 
the regularized recovered gravity anomaly and the true anomalies is within 2%, as depicted in Fig. 11c. This deviation 
is acceptable and confirms the validity of the inversion process.

The recovered density model is also compared. By contrasting Fig. 6 with Fig. 11d, it is clear that the horizontal 
positions are accurately recovered. However, there are notable differences in magnitude, which could potentially 

Figure 11. �Inversion result of model with noise‑free. (a) Original gravity anomaly, (b) recovered gravity anomaly, (c) residual 
of (a) and (b), (d) recovered density model.
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be improved with a more sophisticated regularization method. In this paper, our focus is on the accuracy and 
feasibility of the three‑dimensional wavenumber domain inversion method. The use of more complex regularization 
techniques, such as smooth or bound constraints, is not within our current scope. Essentially, all these regularization 
techniques can be applied to the wavenumber domain inversion problem. Additionally, the RMS of this inversion 
is 0.29 g.u..

In addition to the recovered results in Fig. 11, we also compare the inverted spectral characteristics with the 
theoretical ones. Figs. 12a and 12b depict the power spectrum and phase spectrum of the theoretical gravity anomaly, 
respectively, while Figs. 12c and 12d show the power spectrum and phase spectrum of the recovered gravity anomaly, 
respectively. We observe that the power spectral characteristics in Figs. 12a and 12c are identical. Similarly, the 
phase spectral characteristics in Figs. 12b and 12d are the same.

Then, we further incorporate 5% Gaussian noise in the wavenumber domain, to perform an inversion test. Using 
the same regularization parameters shown in Fig. 10, the residual characteristics of the inverted gravity anomaly 
are presented in Fig. 13. Figure 13a shows the anomaly map added with Gaussian noise in the wavenumber domain, 
while Fig. 13b displays the recovered gravity anomaly. Figure 13c depicts the residual map. When comparing Fig. 11c 
with Fig. 13c, it is evident that the fitting residual has increased due to noise interference. However, thanks to the 
regularization parameter, the recovered results are able to mitigate some of the noise interference. Figure 13d shows 
the recovered density anomaly model, which is visibly impacted by Gaussian noise. Additionally, the RMS is 0.65 g.u..

Figure 14 shows the power spectrum and phase spectrum characteristics with 5% Gaussian interference, where 
Figs. 14a and 14c are the power spectrum and Figs. 14b and 14d are the phase spectrum.

Figure 12. Amplitude (a) (c) and phase (b) (d) spectrums of theoretical and recovered model of gravity anomaly.
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Figure 14. Amplitude (a) (c) and phase (b) (d) spectrums of theoretical and inverted model with 5% noise.

For a deeper comparison of recovered results under noise interference, we selected a regularization parameter 
of 4.0e5 for the inversion process, as depicted in Fig. 15. Figure 15a displays the gravity anomaly map added with 
Gaussian noise in the wavenumber domain. Figure 15b presents the recovered gravity anomaly, and Fig. 15c shows the 
residual map. Figure 15d illustrates the recovered density model, which is also influenced by Gaussian noise. When 
compared to Fig. 13d, Fig. 15d exhibits improved inversion results, accurately representing the three‑dimensional 
spatial distribution of density anomalies. Additionally, the RMS is 0.6 g.u.. This underscores the suitability of the 
regularization method for inverting gravity anomalies within the wavenumber domain.

Figure 16 shows the power spectrum and phase spectrum characteristics with 5% Gaussian interference and 
new regularized parameter, where Figs. 16a and 16c are the power spectrum and Figs. 16b and 16d are the phase 
spectrum.

Figure 13. �Inversion result of model with 5% noise. (a) Original gravity anomaly with 5% noise, (b) recovered gravity 
anomaly, (c) residual of (a) and (b), (d) recovered density anomaly model.
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Figure 16. �Amplitude (a) (c) and phase (b) (d) spectrums of theoretical and recovered model with 5% noise and 4.0e5 as 
the regularization parameter.

Then, the full tensor data of the synthetic model 2 are further used to perform inversions of the wavenumber- 
domain method proposed in this paper, in order to demonstrate the correctness of the proposed inversion method. 
Figure 17a is the gravity anomaly map with Gaussian noise for gxx data in the wavenumber domain, Fig. 17b is the 
recovered gxx anomaly, and Fig. 17c is the residual map. Figure 17d shows the recovered density anomaly model 
affected by Gaussian noise. Compared with Fig. 15d, Fig. 17d shows better recovered results and can depict the 
three‑dimensional spatial distribution of density anomalies better. In addition, the RMS is 0.006 g.u./m.

Figure 15. �The inversion result with 5% noise and 4.0e5 as the regularization parameter. (a) Original gravity anomaly 
with 5% noise, (b) recovered gravity anomaly, (c) residual of (a) and (b), (d) recovered density anomaly model.
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Figure 17. �The inversion result with 5% noise for gxx data. (a) Original gravity anomaly with 5% noise, (b) recovered gravity 
anomaly, (c) residual of (a) and (b), (d) recovered density anomaly model.

Figure 18a is the gravity anomaly map with Gaussian noise for gxy data in the wavenumber domain, Fig. 18b 
is the recovered gxx anomaly, and Fig. 18c is the residual map. Figure 18d shows the recovered density anomaly 
model affected by Gaussian noise. Compared with Fig. 15d, Fig. 18d also shows better recovered results and can 
depict the three‑dimensional spatial distribution of density anomalies better. In addition, the RMS is 0.006 g.u./m.

Figure 18. �The inversion result with 5% noise for gxy data. (a) Original gravity anomaly with 5% noise, (b) recovered gravity 
anomaly, (c) residual of (a) and (b), (d) recovered density anomaly model.
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Figure 19 displayed the recovered results of gxz data, which also demonstrates good outcomes. In addition, the 
RMS is 0.0045 g.u./m.

Figure 19. �The inversion result with 5% noise for gxz data. (a) Original gravity anomaly with 5% noise, (b) recovered gravity 
anomaly, (c) residual of (a) and (b), (d) recovered density anomaly model.

Additionally, Fig. 20 displayed the inverted results of gyy data, which also demonstrates good outcomes. 
In addition, the RMS is 0.0045 g.u./m.

Figure 20. �The inversion result with 5% noise for gyy data. (a) Original gravity anomaly with 5% noise, (b) recovered gravity 
anomaly, (c) residual of (a) and (b), (d) recovered density model.
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Furthermore, Fig. 21 displayed the inverted results of gyz data, which also demonstrates good outcomes. 
In addition, the RMS is 0.0046 g.u./m.

Figure 21. �The inversion result with 5% noise for gyz data. (a) Original gravity anomaly with 5% noise, (b) recovered gravity 
anomaly, (c) residual of (a) and (b), (d) recovered density anomaly model.

Ulteriorly, Fig. 22 displayed the recovered results of gzz data, which also acquires good outcomes. In addition, 
the RMS is 0.0045 g.u./m.

Figure 22. �The inversion result with 5% noise for gzz data. (a) Original gravity anomaly with 5% noise, (b) recovered gravity 
anomaly, (c) residual of (a) and (b), (d) recovered density anomaly model.
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It’s important to note that our prior inversion efforts centered on verifying the accuracy of the wavenumber 
domain inversion method for gravity anomaly and its gradient tensor data. Next, we’ll briefly evaluate the efficiency 
of the inversion method presented in this paper. We’ll refine and test the inversion of the previously used synthetic 
model 2 data, maintaining the observation network’s configuration. The underground source mesh is divided 
into 60 × 60 × 30 cells, and the actual density model has also been slightly modified. Following this, we’ll conduct 
inversion testing on gzz data. Figure 23a shows the gzz anomaly map added with Gaussian noise in the frequency 
domain, Fig. 23b presents the L curve with the optimal regularization parameter of 0.1, Fig. 23c displays the gzz 
anomaly acquired by recovered density anomaly model, Fig. 23d is the residual map, and Fig. 23e depicts the 
recovered density anomaly model impacted by Gaussian noise. Compared to Fig. 22d, Fig. 23d also exhibits superior 
inversion outcomes. In addition, the RMS is 0.008 g.u./m. Crucially, under the current model conditions, the forward 
computation time in the wavenumber domain is 0.01 seconds, the inversion time in the wavenumber domain is 11.11 
seconds, and the forward computation time in the spatial domain is 79.97 seconds. Notably, the computational time 
for both wavenumber-domain forward and inversion is significantly reduced compared to spatial-domain forward. 
Clearly, the efficiency of forward and inversion computations in the wavenumber domain has been markedly 
enhanced.

Figure 23. �The inversion result with 5% noise for gzz data. (a) Original anomaly with 5% noise, (b) L curve, (c) recovered 
anomaly, (d) residual of (a) and (c), (e) recovered density anomaly model.

We further refined the subdivision of the underground source, achieving a total of 100 × 100 × 50 meshing 
units. The observation network configuration remained consistent, while the field source model underwent minor 
adjustments. Figure 24a displays the forward gzz anomaly in the wavenumber domain, with 5% Gaussian noise 
applied post‑adjustment. Figure 24b presents the L‑curve, yielding an optimized regularization parameter of 0.01. 
Figure 24c illustrates the recovered model’s forward gzz anomaly, and Fig. 24d shows the residual. Figure 24e 
depicts a horizontal slice of the recovered density anomaly model, aligning well with the gzz anomaly distribution 
in Fig. 24a. In addition, the RMS is 0.0056 g.u./m. Notably, the wavenumber domain forward took 0.03 seconds, 
the wavenumber domain inversion took 15.05 seconds, and the spatial domain forward took 375.34 seconds. 
This underscores the efficiency of the inversion method introduced in this paper once more.
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Figure 24. �The inversion result with 5% noise for gzz data. (a) Original anomaly with 5% noise, (b) L curve, (c) recovered 
anomaly, (d) residual of (a) and (c), (e) recovered density anomaly model.

To demonstrate the validity of the wavenumber-domain inversion method proposed in this paper, we modified 
the model in Fig. 24 by altering the property values of two density anomalies to negative values. The inversion was 
then conducted based on the corresponding forward results. Similarly, we discretized the subsurface sources into 
100 × 100 × 50 grids for inversion. Figure 25a displays the wavenumber-domain forward results of this modified 
model, Fig. 25b shows the L‑curve, Fig. 25c presents the forward results of the inverted wavenumber-domain model, 
Fig. 25d illustrates the residuals between Figs. 25a and  25c, and Fig. 25e also exhibit horizontal slices of the 
recovered density anomaly model. In addition, the RMS is 0.0072 g.u./m. The inversion results demonstrate 
good correspondence with the actual model. Notably, the wavenumber-domain forward required 0.032 seconds, 
the inversion process took 18.28 seconds, while spatial-domain forward consumed 336.1 seconds. These timing 

Figure 25. �The inversion result with 5% noise for gzz data. (a) Original anomaly with 5% noise, (b) L curve, (c) recovered 
anomaly, (d) residual of (a) and (c), (e) recovered density anomaly model.
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comparisons further confirm both the correctness of the wavenumber-domain methodology and its enhanced 
computational efficiency. Additionally, the successful inversion of models containing both positive and negative 
anomalies effectively demonstrates the robust general applicability of the proposed method in this paper. In addition, 
Zhao et al. (2019) divided the subsurface source into 50 × 50 × 25 grid cells with 50 × 50 observation points, and 
their inversion time was 5,472.46 seconds. In contrast, in this paper, when the subsurface source was divided into 
100 × 100 × 50 grid cells with 31 × 31 observation points, the inversion time was only 18.28 seconds when running on 
a standard laptop. Admittedly, the regularization technique employed in the proposed method is relatively simple, 
which may contribute to some extent to the improved efficiency of the inversion approach. However, the comparison 
with the inversion time reported by Zhao et al. (2019) effectively demonstrates the superior computational efficiency 
of the method proposed in this paper.

3.2 Application to the field data

Furthermore, the inversion method proposed in this paper will be validated using gravity anomaly data from the 
Pingbao mining area in Hunan Province, China. The regional gravity field is subtracted from the observed gravity 
anomaly data. The observation grid consisted of 24 × 24 stations  (totaling 576 measurement points), with the 
measured anomaly data shown in Fig. 26a. Figure 26b shows the optimal regularization parameters of 100 obtained 
via the L‑curve method in the wavenumber domain. Then, the wavenumber-domain inversion was applied to the 
aforementioned measured gravity anomaly data. We discretized the subsurface space into 200 × 200 × 100 meshing 
cells and conducted inversion in the wavenumber domain. The reconstructed density anomaly model are presented 
in Fig. 26: horizontal slices (Figs. 26c and 26d) and vertical slices of the recovered density anomaly model (Fig. 26e). 
In addition, the RMS is 0.2 g.u.. The inversion computation time was only 27.2 seconds. The results indicate that 
the wavenumber‑domain inversion effectively reveals the three‑dimensional spatial distribution of subsurface 
density anomalies, demonstrating the feasibility and effectiveness of the proposed wavenumber‑domain inversion 
method in this paper.

It is worth noting that our previous inversion was focused on the correctness of the wavenumber domain inversion 
method for gravity anomaly and its gradient tensor data. It can be found that the above research results demonstrate 
that the method proposed in this paper can not only extend the traditional spatial domain regularization inversion 

Figure 26. �Measured gravity anomaly (a), (b) derived via the L‑curve method in the wavenumber domain, horizontal slices 
of the inverted density anomaly model at z = 100 m (c) and z = 250 m (d), and a vertical slices of the recovered 
density anomaly model (e).
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method to the wavenumber domain but also has high efficiency that spatial domain methods cannot match, 
which is of great value for solving large‑scale practical problems in earth science. Since we have employed only 
relatively simple regularization constraints – solely to demonstrate the validity and effectiveness of the proposed 
wavenumber-domain forward and inverse techniques for gravity anomaly and its gradient tensor data – depth 
weighting functions, focusing constraints, and other advanced regularization methods were not applied in this paper. 
Consequently, the inversion performance still requires further enhancement, which will be the primary focus of 
our future research.

4. Conclusions

This paper introduces a approach for inverting gravity anomaly and its gradient tensor data within the 
wavenumber domain, utilizing rectangular prismatic models. By factorizing the dense Green’s function matrix 
into a product of three sparse matrices, our method facilitates the use of an optimized algorithm for faster 
computations. When benchmarked against standard linear inversion techniques, our proposed method demonstrates 
a substantial improvement in computational efficiency. Tests conducted using synthetic data and field data show 
that conventional Tikhonov regularization techniques and parameter selection methods are seamlessly adaptable 
to the wavenumber domain inversion framework. Moreover, in scenarios involving noisy data, regularization 
parameters can significantly enhance the accuracy of the inverted field source model. Importantly, the wavenumber 
domain inversion method can incorporate advanced regularization strategies, such as depth weighting, prior 
constraints, or boundary conditions, for gravity anomaly and its gradient tensor data. Consequently, this method 
emerges as an efficient and practical tool for potential field inversion. Furthermore, it lays the groundwork for 
applying more sophisticated regularization constraints and facilitating joint inversion of multiple datasets, which 
is crucial for addressing real‑world challenges, such as inverting gravity data.
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