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Abstract. Building source models and performing forward calculations are fundamental for processing, analyzing, and 11 

interpreting geophysical data. However, open-source tools that allow for both the flexible and interactive construction of source 12 

models and potential-field forward calculations are rare. To address this gap, we develop a new Qt-based software called 13 

G&M3D 1.0 (Gravity and Magnetic 3D modelling), which supports interactive three-dimensional (3D) model construction 14 

and provides accurate and efficient forward modelling. G&M3D 1.0 features two core functionalities: (1) constructing 3D 15 

gravity and magnetic source models and (2) calculating and visualizing their gravity/magnetic fields, as well as their gradient 16 

fields. In the 3D Modelling Module, user-defined anomalous bodies are internally discretized into assemblies of rectangular 17 

prisms for forward calculation. Based on this prism-based representation, users can conveniently construct regular bodies, such 18 

as spheres, cuboids, cylinders, ellipsoids and prismoids, and assign density contrast or magnetic parameters to them. Complex 19 

structures can be represented using the Irregular (Layer-Building) tool, which is especially suitable for stratigraphic or faulted 20 

formations. In addition, the Forward-Modelling Module allows for the rapid calculation, visualization, and saving of gravity 21 

anomalies, gravity gradients, total magnetic intensity, and magnetic gradients generated by the created 3D sources. To enhance 22 

computational efficiency, the software employs a 2D discrete convolution algorithm for the gravity and magnetic forward 23 

calculations. G&M3D 1.0 offers several significant advantages, including open-source accessibility, flexible interactive 24 

operations, an intuitive 3D modelling interface, efficient forward computation, and excellent file portability. As a 25 

demonstration of its capabilities, we use G&M3D 1.0 for forward gravity modelling over a salt dome at Vinton Dome in 26 

southern Louisiana, U.S., validating its accuracy and practicality. 27 

1 Introduction 28 

Compared with more logistically demanding methods, such as seismic reflection surveys and electrical surveys requiring dense 29 

electrode deployment, gravity and magnetic surveys generally offer simpler field procedures, lower acquisition costs, and 30 

greater efficiency for large-area data collection. Building forward source models and conducting forward calculations are 31 

fundamental to the processing, analysis, and interpretation of gravity and magnetic data (Blakely, 1996). Although several 32 

open-source tools already exist, few available tools combine interactive 3D body construction, gravity and magnetic forward 33 

calculation, and result visualization within a standalone graphical user interface (GUI). 34 

To estimate the gravitational or magnetic effects generated by anomalous masses, geophysicists often represent complex 35 

subsurface volumes or geological bodies as a combination of idealized sources with simple shapes (Blakely, 1996; Hinze et 36 

al., 2013). These shapes include spheres, cylinders, vertical laminas, horizontal laminas, prisms, and polyhedra. Most of these 37 

idealized sources can be easily integrated over the volume and evaluated in closed analytical forms. Among these simple cells, 38 

the rectangular prism is particularly favoured for forward modelling and is also widely used in inversion studies, as it provides 39 

a straightforward way to approximate complicated anomalous sources and represents the total underground volume without 40 



2 

gaps (Caratori Tontini et al., 2009; Li and Chouteau, 1998; Zhao et al., 2018). 41 

Numerous early scholars have contributed to the closed formulas for gravity and magnetic anomalies caused by rectangular 42 

prisms (Bhattacharyya, 1964; Bhattacharyya and Navolio, 1976; Li and Chouteau, 1998; Nagy, 1966; Nagy et al., 2000; Okabe, 43 

1979; Plouff, 1976). For example, Bhattacharyya (1964) presented formulas for the magnetic anomalies resulting from prism-44 

shaped bodies with arbitrary polarization. Nagy (1966) derived a closed expression to calculate the gravitational attraction of 45 

a rectangular prism. Bhattacharyya and Navolio (1976) provided spectral expressions for the gravity and magnetic anomalies 46 

arising from irregular three-dimensional (3D) sources by combining prisms. Later, Guo et al. (2004) introduced a new 47 

singularity-free calculation formula for the forward modelling of the magnetic field produced by a rectangular prism. 48 

Additionally, Luo and Yao (2007) optimized the theoretical magnetic calculation formula to enhance its computational 49 

efficiency. 50 

A fine subdivision is often required to approximate anomalous bodies more precisely. However, when the subspace is finely 51 

subdivided, the repeated cumulative calculations can make the forward analysis time-consuming. To improve calculation 52 

efficiency, various algorithms have been developed for forward calculations of gravity and magnetic anomalies. For instance, 53 

Wu and Tian (2014) proposed a Gauss-fast Fourier transform (FFT) method for calculating potential fields in the Fourier 54 

domain. Zhang and Wong (2015) established a block-Toeplitz-Toeplitz-block (BTTB) structure using a discrete multi-layer 55 

model, then embedded the BTTB matrix into a block-cyclic-cyclic-block (BCCB) matrix by applying FFT in forward 56 

calculations. Additionally, Chen and Liu (2019) optimized the computation of the weight coefficient matrix and applied a 2D 57 

discrete convolution algorithm through block circulant extension (referred to as the BCE method) to calculate the gravity 58 

anomaly in the spatial domain. This method was later extended to calculate magnetic anomalies on undulating terrain (Qiang 59 

et al., 2019). Subsequently, Hogue et al. (2020) developed an open-source MATLAB code for evaluating gravity and magnetic 60 

kernels based on the BCE method. Recently, Yuan et al. (2022) advanced the BCE algorithm for magnetic forward modelling. 61 

Significant progress has been made in the forward calculation of the potential fields; however, constructing 3D anomalous 62 

models for algorithm testing or generating synthetic models for inversion studies remains complex and non-intuitive, especially 63 

when creating intricate, irregular sources (Jessell et al., 2021). To address these needs, various software packages have been 64 

developed for the computational synthesis of geological models and geophysical simulations (Bauville and Baumann, 2019; 65 

Cockett et al., 2015; de la Varga et al., 2019; Hassanzadeh et al., 2022; Pirot et al., 2022; Ulug and Karslıoglu, 2022; Wellmann 66 

et al., 2016). For example, SimPEG provides a flexible open-source framework for geophysical simulation (Cockett et al., 67 

2015), while geomIO supports geometrical model construction for numerical simulations (Bauville and Baumann, 2019). 68 

Additionally, Hogue et al. (2020) developed open-source MATLAB code for the efficient evaluation of gravity and magnetic 69 

kernels, and SRBF_Soft focuses on regional gravity field modelling using spherical radial basis functions (Ulug and Karslıoglu, 70 

2022). Despite these advancements, open-source options that seamlessly integrate interactive 3D body construction with 71 

efficient forward calculations within a standalone GUI remain rare. This study, therefore, aims to develop a free and open-72 

source software framework that bridges this gap by integrating flexible model construction with high-performance forward 73 

calculation of potential fields. 74 

C++ is a widely used general-purpose programming language with strong computational performance and portability, making 75 

it well suited for numerical computing and scientific software development. Qt (https://wiki.qt.io), a powerful cross-platform 76 

C++ framework, is widely used for designing GUI applications across various platforms, including desktop, mobile, and 77 

embedded systems. It offers extensive development tools and libraries that facilitate the rapid creation of high-quality 78 

applications. For instance, Snopek and Casten (2006) developed the 3GRAINS software using standard C++ with the Qt library 79 

for gravity data interpretation. 80 

In this study, we choose the rectangular prism as the primary cell to approximate the source volume. We then develop a software 81 

package called G&M3D 1.0 to construct 3D density contrast and magnetization models, as well as to perform forward 82 

calculations and visualize their gravity and magnetic fields using the Qt Creator framework and C++. The software includes 83 
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the following functions: (1) interactively creating various geological models and assigning density contrasts or magnetization 84 

parameters; (2) performing fast and accurate forward calculations of gravity, gravity gradients, total magnetic intensity, and 85 

magnetic gradients. In addition, G&M3D 1.0 supports visualizing, saving, and exporting the constructed models and the 86 

corresponding density or magnetization distributions, as well as the forward-modelling results. 87 

The paper is organized as follows. Section 2 introduces the principles of gravity and magnetic forward calculation, as well as 88 

fast calculation strategies. In section 3, we describe the software workflow, focusing on how to create a source model and 89 

conduct forward modelling. Section 4 presents an example of applying G&M3D 1.0 to the real-world forward gravity 90 

modelling at Vinton Dome, southern Louisiana, U.S. The final section is the conclusions. 91 

2 Forward Method 92 

2.1 Forward modelling theory 93 

As shown in Figure 1, a collection of rectangular prisms offers a straightforward way to approximate the volume of an 94 

anomalous body (Li and Chouteau, 1998). Each prism is assumed to have constant physical properties, such as density contrast 95 

or magnetization. For a rectangular prism whose dimensions are constrained as      1 2 1 2 1 2, , , ,,       in the x, y, and z 96 

directions (Figure 1), according to Li and Chouteau (1998) and Nagy et al. (2000), the vertical component of the gravity 97 

attraction g  and the gravity gradient components zzV , xxV , yyV , xzV , zxV , yzV , zyV , xyV  and yxV  at the observation 98 

point ( )0, ,P x y z  are given by: 99 
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where G  is the universal gravitational constant (
11 3 1 26.672 10 m kg s− − − ),   is the density contrast of the rectangular 107 

prism, i ix x = − , j jy y = − , 0k kz z = − , 
2 2 2

k kij i jr x y z= + + , and ( ) ( ) ( )1 1 1
ki

ijk

j
u = − − − . The z-axis is taken to be 108 

positive downward. 109 
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 110 
Figure 1: Division schematic diagram of the source region and observation points. 111 

According to Luo and Yao (2007), the three components of the magnetic field anomaly ( ), ,x y zB B B  and its gradient tensors 112 

due to the prism at the observation point ( )0, ,P x y z  are given by: 113 
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where M  is the induced magnetization intensity of the rectangular prism with the inclination ( 'I ) and declination ( 'D ), 123 

1 cos 'cos 'k I D= , 2 cos 'sin 'k I D= , 3 sin 'k I= , 
7 1

0 4 10 H m  − −=   is the magnetic permeability of the vacuum. 124 
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Suppose the magnetic anomaly caused by a magnetic body is small compared with the Earth’s main magnetic field. Then the 125 

scalar magnitude of the magnetic field anomalies can be approximately calculated by projecting the components of the 126 

anomalous field in the direction of the Earth’s main magnetic field (Hinze et al., 2013; Plouff, 1976). As a result, the total 127 

magnetic intensity anomaly T  and its gradients ( ), ,
y zx

T T T    from the source can be approximated by: 128 

 cos cos cos sin sin ,x y zT B I D B I D B I = + +  (17) 129 

 cos cos cos sin sin ,x xx yx zxT B I D B I D B I = + +  (18) 130 

 cos cos cos sin sin ,y xy yy zyT B I D B I D B I = + +  (19) 131 

 cos cos cos sin sin ,z xz yz zzT B I D B I D B I = + +  (20) 132 

where I and D are the inclination and declination of the Earth’s geomagnetic field at the observation point. 133 

2.2 Fast forward modelling method 134 

In G&M3D 1.0, we define a source region with the range  0, X ,  0,Y , and  0, Z  in the x, y, and z axes, respectively. The 135 

source space is divided into N M L   prisms, each with dimensions of x y z   . These prisms are labeled as ( ), ,a b c , 136 

with their dimensions limited to ( )1, 2,
1 ,

a a
xa xa  = − =   , ( )1, 2,

1 ,
b b

yb yb  = − =   , ( )1, 2,
1 ,

c c
zc zc  = − =   , 137 

where 2 ,1, , Na = ; 2 ,1, , Mb = ; 2 ,1, , Lc = . 138 

The observation points ( )0, ,n mP x y z  , where ( )0.5n xx n= −   , , ,1n N=  , ( )0.5my ym= −   , , ,1m M=  , are 139 

distributed at the horizontal surface 0z   at regular intervals, aligned with the prism centers, as shown in Figure 1. The 140 

gravity/magnetic fields at the observation point ( )0, ,n mP x y z  can be calculated by summing the contributions from all prisms 141 

within the source region: 142 

 ( ) ( ) ( )0 0

1 1 1

, , , , , , , , , ,
L N M

n m n m

c a b

g x y z f a b c t x y z a b c
= = =
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   (21) 143 

where ( ), ,f a b c  is the density contrast or magnetization value corresponding to the prism ( ), ,a b c , and ( )0, , , , ,n mt x y z a b c  144 

is the field response at ( )0, ,n mP x y z  generated by prism ( ), ,a b c  with unit density contrast or magnetization. Therefore, 145 

t  represents the kernel (or sensitivity) coefficient, which can be evaluated using any of Eqs. (1) to (16), rather than a simple 146 

distance-dependent decay term. 147 

Thanks to Eq. (21), the gravity/magnetic field at all observation points can be presented in matrix-vector form as follows, 148 

 ,= g K f  (22) 149 

where g  is the field vector, f  is the density contrast or magnetization parameter vector, K  represents the kernel matrix 150 

(or sensitivity matrix) with dimension ( ) ( )LN M MN    , which is classified as a Block-Toeplitz Toeplitz-Block (BTTB) 151 

matrix. 152 

The forward calculations described in Eq. (22) can be time-consuming, particularly when the source space is large and finely 153 

discretized. In this study, we apply a 2D discrete convolution algorithm using block circulant extension (BCE) (Chen and Liu, 154 

2019) to optimize the forward calculations. In G&M3D 1.0, we conduct forward calculations of potential fields layer by layer 155 

along the 𝑧 direction using the BCE algorithm. The procedure for the BCE algorithm (Chen and Liu, 2019) is as follows. 156 

First, the density contrast or magnetization values of all the prisms are stored in a 3D matrix E  of size N M L  . For any 157 

given layer (e.g., the cth layer, , ,1c L= ), the parameter vector is defined as ( )1: ,1: ,N M c=f E . A null parameter vector 158 

f  (where all elements equal zero) indicates that the prisms in the cth layer make no contribution to the observed field. For 159 

non-zero cases, the matrix f  is extended with zeros to form an extended parameter matrix F , 160 
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N M

N M N M



 
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0

0 0

f
F  (23) 161 

Next, to implement the BCE-based discrete convolution, the observation range is extended along the negative directions of the 162 

x-axis and y-axis from  0, X  ,  0,Y   to  ,xX X− +   ,  ,yY Y− +   , as shown in Figure 2. This extension is necessary 163 

because Eq. (21) represents a linear convolution, whereas the FFT inherently evaluates a circular convolution. By embedding 164 

the original problem into an extended domain, the linear convolution can be reformulated in a circulant form and computed 165 

efficiently without introducing wrap-around boundary errors at the boundaries. We then compute the field effects generated by 166 

the prism ( )1, 1,a b c= =   (dimensions limited as  1 20, x = =   ,  1 20, y = =   , ( )1 21 ,c cz z = − =     ) at all 167 

observation points in the extended area. Note that the extended area serves only as an auxiliary computational domain; only 168 

the results within the original observation region are retained. This results in an extended response matrix T with a size of 169 

( ) ( )2 1 2 1N M− −  for the cth layer, 170 

 

1,1 1,2 1
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2 1,1 2 1,2 1
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t t
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T  (24) 171 

where ( )', ' ' 1, 2, ' 1,2 1; ,2 1,2,n m Nt m Mn = =− −   is the field response at the observation ( )0, ,n mP x y z   where 172 

( )' ' 0.5n xx n N= − +   , ( )' ' 0.5m m M yy = − +   , which is calculated using Eqs. (1) to (16) with unit density contrast or 173 

induced magnetization intensity (namely, 1 = , 1M = ). 174 

We extend T  by zeros along the top and the left margins, as shown in Figure 2. This creates a matrix 0T  with a size of 175 

2 2N M , 176 

 
( )
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1 2 1
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2 1 1

0
,

M

N

 −

− 

 
=  
  

0
T

0 T
 (25) 177 

 178 
Figure 2: The sketch map shows the extended observation points and source region for the BCE method. The extended observation 179 
points are shown in red, and the observation points in the original observation domain are shown in black. The prism (1, 1) is marked 180 
in blue. A single-layer model consisting of 4×4 prisms is taken as an example. 181 
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The matrix 0T  in Eq. (25) can then be rewritten into four N M  submatrices as, 182 

 
11 1

1 22

0

2

2 .
 

=  
 

t t
T

t t
 (26) 183 

By reordering the submatrices in Eq. (24), we get 184 

 
22 21

12 11

.
 

=  
 

t t
C

t t
 (27) 185 

The matrix C  in Eq. (27) is identified as a Block-Cyclic-Cyclic-Block (BCCB) matrix. The 2D discrete convolution of this 186 

matrix with the extended parameter matrix F  can be efficiently computed using the fast Fourier transform (Chen and Liu, 187 

2019; Vogel, 2002) as follows, 188 

 ( )2 ,fft=C C  (28) 189 

 ( )2 ,fft=F F  (29) 190 

 .* ,=G C F  (30) 191 

 ( )2 ,ifft=G G  (31) 192 

 ( )1: ,1: ,c N M=G G  (32) 193 

where 2fft  is the 2D fast Fourier transform, and 2ifft  denotes the 2D inverse fast Fourier transform. The symbol .*  194 

represents the dot multiplication operator. cG  is the resulting field at the observations generated by the anomalous prisms in 195 

the cth layer. 196 

Repeat these steps for each layer, and the total field g  at all observations is obtained by, 197 

 
1

,
L

c

c=

=g G  (33) 198 

From a programming perspective, we implement two strategies to enhance computational efficiency in G&M3D 1.0. 199 

Strategy 1. We take advantage of the fast matrix operation in Qt to optimize the forward calculations in G&M3D 1.0. We 200 

construct in advance two new matrices iX  and jY  with sizes of ( ) ( )2 1 2 1N M−  − , 201 
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N N

x x

x

x x
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− −
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y
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−

−
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where , 1, 2i j =  , ( )' ' 0.5n xx n N= − +   , ( )' ' 0.5m m M yy = − +   , ( ), 2 1; ,2 1' 1,2, ' 1,2,n N m M= =− −  , 1 0 =  , 204 

2 x =  , 1 0 = , 2 y =  . I  is an all-ones matrix. Thanks to the Eqs. (32) to (33), we can substitute the matrices iX  and 205 

jY  to ix  and jy  in any of the Eqs (1) to (16). This allows the extended response matrix T  at all observations to be 206 

computed by a single dot product in Qt, rather than relying on a large number of cyclic calculations. 207 

Strategy 2. Since the kernel matrices for gravity and magnetic components under vertical magnetization are symmetric (Hogue 208 

et al., 2020), 1k  and 2k  in Eqs. (8) to (16) are zero, and only 3k  remains. In these cases, we only calculate the submatrix 209 

22t  in C  (Eq. (27)) for these cases. The other three submatrices ( )11 12 21, ,t t t  can be derived from 22t , because they share 210 

the same value or have the opposite sign as 22t . This strategy results in a higher efficiency for forward calculations of gravity 211 
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anomalies, gravity gradient tensor, and magnetic components with vertical magnetization compared to those for the magnetic 212 

field with non-vertical magnetization. As we know, the forward calculations of magnetic fields depend on the declination and 213 

inclination of the sources. If the anomalous bodies in the source model have varying declinations or inclinations, we classify 214 

these bodies by their declinations or inclinations and perform forward calculations of each category separately. 215 

2.3 Synthetic model tests 216 

To verify the efficiency of the forward calculation in G&M3D 1.0, we design a synthetic model with specified density contrast 217 

and magnetization for gravity and magnetic forward calculations. The model region extends from 0 to 50 km along the x, y, 218 

and z axes. It consists of an anomalous body with a density contrast of 
31 g cm−  and an induced magnetization of 

11 A m − . 219 

The center of the body is located at (25, 25, 25) km with a size of 25 × 25 × 20 km3. 220 

We evaluate the computation time for gravity and magnetic forward calculations at five different numerical resolutions, 221 

employing 50 × 50 × 50, 100 × 100 × 100, 200 × 200 × 200, 400 × 400 × 400, and 800 × 800 × 800 prisms in the x-, y-, and z-222 

directions, respectively. This corresponds to grid intervals of 1000 m, 500 m, 250 m, 125 m, and 62.5 m. In these tests, the 223 

observation points are set at the horizontal positions corresponding to the prism centers. Consequently, as the numerical 224 

resolution increases, the number of observation points also grows accordingly. The absolute computation times for the forward 225 

calculation of the gravity and magnetic fields are summarized in Table 1. 226 

Table 1: The statistics of the absolute consumption times for forward computations of the gravity and magnetic fields with five 227 
different numerical resolutions. 228 

Grid interval (m) 

/ Numerical resolutions 

Values are reported as serial / parallel computation times (s) 

Gravity components Magnetic components for 

vertical magnetization 

Magnetic components for 

non-vertical 

magnetization 

1000.0 / 50 × 50 × 50 0.16 / 0.03 0.15 / 0.02 0.46 / 0.12 

500.0 / 100 × 100 × 100 1.32 / 0.55 1.45 / 0.56 4.05 / 1.34 

250.0 / 200 × 200 × 200 10.15 / 2.52 9.68 / 2.93 34.37 / 13.93 

125.0 / 400 × 400 × 400 39.69 / 12.48 50.38 / 20.99 131.60 / 39.16 

62.5 / 800 × 800 × 800 331.25 / 98.58 425.99 / 143.84 1119.36 / 433.86 

Note. All the tests are carried out on a desktop with an AMD Ryzen 7 3700X CPU (8 cores) and 32 GB of memory. 229 

Table 1 shows that the computation time increases significantly as the numerical resolution increases. Note that the output 230 

results of the gravity calculation in Table 1 consist of 7 components, i.e., g , zzV , xxV , yyV , xzV , yzV , xyV , and the results 231 

of magnetic forward modelling include 13 components (i.e., xB , yB , zB , xxB , yyB , zzB , xyB , xzB , yzB , T , xT , 232 

yT  , zT  ). Due to the implementation of Strategy 2, which decouples the computation of vertically and non-vertically 233 

magnetized models, the efficiency of forward modelling improves significantly. In a 200 × 200 × 200 grid case, the 234 

computation time is reduced by 71.83% (34.37 s vs 9.68 s). These tests demonstrate that G&M3D 1.0 is a high-speed tool for 235 

forward calculations of the gravity and magnetic fields. It is worth noting that the layers with non-zero density/magnetization 236 

occupy 40%  of the total layers in the z direction in these tests. The forward calculation is faster if the anomalous body’s 237 

vertical dimension is reduced, but it requires more time if the vertical dimension increases. For example, in the 100 × 100 × 238 

100 case, under vertical magnetization conditions, two anomalous bodies with the same number of non-zero prisms but 239 

different spatial distributions, namely 1 × 1 × 100 prisms and 100 × 1 × 1 prisms, require total computation times of about 2.65 240 

s and 0.04 s, respectively, when calculating gravity anomalies, magnetic anomalies, and the corresponding gradient 241 

components. 242 

To further enhance the computational performance, we implement parallel computation for the layer-by-layer forward 243 

calculations along the z-direction. In the BCE framework, the field contribution of each layer is computed independently, and 244 

the final response is obtained by summing the contributions from all layers. The parallelization is realized using task-based 245 

multithreading (standard C++), where layer-wise forward responses are launched asynchronously and collected after 246 
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completion. Using the same synthetic model, discretized into 200 × 200 × 200 prisms, we record the computation times under 247 

vertical magnetization conditions using 8 threads, and the computation is approximately 3.45 times faster than that of the serial 248 

implementation. 249 

To evaluate G&M3D 1.0 against existing open-source tools, we compare its computational efficiency with SimPEG (Cockett 250 

et al., 2015). For the 200 × 200 × 200 case, the gravity forward calculation in SimPEG takes 1606.62 s, whereas G&M3D 1.0 251 

requires only 2.52 s. Notably, at 800 × 800 × 800 resolution, SimPEG fails due to excessive memory overflow, while G&M3D 252 

1.0 maintains robust performance. 253 

To validate the computational accuracy of G&M3D 1.0, we design a synthetic model consisting of three buried spheres, for 254 

which analytical solutions are available. The centers of the three spheres are located at (50 m, 55 m, 50 m), (140 m, 75 m, 65 m), 255 

and (110 m, 155 m, 80 m), with radii of 20 m, 30 m, and 35 m, respectively. The density contrasts are all set to 31 g cm− , and 256 

the induced magnetizations are all set to 11 A m − . The computational domain is 200 m × 200 m × 200 m, which is discretized 257 

into 800 × 800 × 800 cells. Gravity anomalies g   and magnetic anomalies T   are calculated separately, and the 258 

corresponding analytical solutions serve as references. The computed and analytical results are compared in Figure 3. As shown 259 

in Figure 3, the differences between our results and the analytical solutions are negligible. The maximum absolute errors of 260 

the gravity and magnetic anomalies are 67.5 10−  mGal and 35.4 10−  nT, respectively. 261 

 262 

Figure 3: Comparison between analytical solutions and BCE results for gravity and magnetic anomalies produced by a synthetic 263 
model of three buried spheres. 264 

3 The framework and functions of G&M3D 265 

In this section, we introduce the functions and operational procedures of G&M3D 1.0. The software consists of two main 266 

modules: (1) a 3D-Modelling module for constructing source bodies and assigning physical properties, and (2) a Forward-267 

Modelling module for calculating and visualizing the resulting gravity and magnetic fields. The workflow of G&M3D 1.0 is 268 

shown in Figure 4. Architecturally, G&M3D 1.0 separates interactive model construction from numerical forward computation, 269 

with model data serving as an intermediate layer between the GUI and the forward-calculation kernels, thereby enhancing 270 

maintainability and extensibility. In addition, the software supports topography modelling. Users can import and visualize a 271 

topographic surface, where anomalous bodies are constrained to remain below it, and observation points can be assigned 272 

topography-dependent elevations for forward calculations over non-planar observation surfaces. 273 
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G&M3D 1.0 is based on a right-handed Cartesian coordinate system. When users open G&M3D 1.0 and enter the start interface 274 

(Figure 4), they can access the 3D-Modelling module to create a new source model by clicking the button Create Model, or 275 

they can input an existing model data file to conduct gravity or magnetic forward calculations through the Forward-Modelling 276 

module by clicking the button Input Model. 277 

 278 

Figure 4: Workflow in G&M3D 1.0 and G&M3D 1.0 initial interface. 279 

The main interface of the Modelling module is shown in Figure 5a. By default, G&M3D 1.0 generates an initial source region 280 

(Figure 5b). To customize this for their needs, users should first set the source region by clicking the “Settings” button in the 281 

operation area of the main interface. In the pop-up window for the Setting Field (Figure 5b), users can configure the basic 282 

parameters that define the source region, including the source range, mesh interval, and length unit. The supported length units 283 

are meters (m), hectometers (hm), and kilometers (km), which allow for multi-scale forward modelling simulations. If a 284 

topographic file is available, users should import it before model construction by using the “Import Topo” function in G&M3D 285 

1.0. 286 
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 287 

Figure 5: (a) Interface of the Modelling Module. The top functional area contains tools for creating different shapes on the left and 288 
various action buttons on the right. The middle workspace is used to display the created models (the 2D floor plan is shown in three 289 
areas on the right), and the body list is shown on the left. (b) Setting Field window showing the default initial source model settings. 290 

After that, users can select one of the tools on the “Add Body” panel to create anomalous bodies. G&M3D 1.0 supports 291 

sequential creation of multiple anomaly bodies, with all generated bodies automatically listed in the “Body List” section. To 292 

ensure modelling flexibility and operational efficiency, right-click functionality is provided for existing anomalies, allowing 293 

users to modify and delete them. The modification process uses the same intuitive interface as the creation process, making it 294 

just as easy to change bodies as it is to create them. G&M3D 1.0 also allows overlapping anomalous bodies. In overlapping 295 

regions, the physical properties of the later-created body overwrite those previously assigned to the corresponding prisms. 296 

The following section explains the construction methods for regular and irregular bodies, which differ in their modelling 297 

approaches. However, both types share the same parameter configurations for gravity and magnetic properties. As shown in 298 

the “Property” panel of Figure 6, only four parameters need to be specified: density contrast, induced magnetization intensity, 299 

magnetic declination, and magnetic inclination. Spatially heterogeneous physical-property distributions within a single body 300 

can be represented in G&M3D 1.0 through continuously varying functions. In particular, the software supports user-defined 301 

functional forms, which allow flexible construction of bodies with spatially variable density contrast or magnetization. 302 

G&M3D 1.0 provides five tools for creating regular-shaped bodies: Sphere, Cuboid, Cylinder, Ellipsoid and Prismoid. 303 

Figure 6 displays the parameter input interfaces for each tool. (1) Sphere: This tool requires the radius and the coordinates of 304 

the sphere’s center. (2) Cuboid: Users must input the geometric centre coordinates and the extension lengths along three 305 

orthogonal axes. (3) Cylinder: Four key parameters are needed to define a cylinder, including the trend direction, extension 306 

length, cross-sectional radius, and section centre coordinates. (4) Ellipsoid: A rotated ellipsoid is defined by the centre 307 

coordinates, the radii of the three semi-axes, and the rotation angle. (5) Prismoid: This geometry is defined by three sets of 308 

spatial parameters: the x-coordinates of its four y-parallel edges, the y-coordinates of its four x-parallel edges, and the z-values 309 

for its top and bottom planes. To enhance modelling flexibility, the “Direction” parameter specifies the normal vector 310 

orientation of the bounding planes relative to the coordinate axes. The Prismoid tool maintains strict geometric validity by 311 

enforcing essential constraints: the x-coordinates must be monotonically increasing (x1 < x2), and the y-coordinates (y1 < y2) 312 

likewise, ensuring proper spatial relationships for meaningful prism construction. All bodies require input of either density 313 

contrast or magnetization. Additionally, the “Mark” panel allows users to customize both the body’s name and display colour 314 

according to their preferences. As an example, we create two bodies using each tool, resulting in a total of ten bodies, which 315 
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are presented in Figure 7.  316 

 317 

Figure 6: Parameter input interfaces for the five regular tools, including (a) Sphere, (b) Cuboid, (c) Cylinder, (d) Ellipsoid, and (e) 318 
Prismoid. 319 

 320 

Figure 7: Illustration of regular modelling tools showing ten anomalous bodies. 321 

G&M3D 1.0 features an Irregular tool that enables users to create irregular bodies, as shown in Figure 8. With the Irregular 322 

tool, users can accurately construct irregularly shaped bodies by interactively drawing their spatial boundaries across multiple 323 

layers. This layer-stacking method allows for the reconstruction of complex volumetric shapes that cannot be represented using 324 

conventional geometric primitives. G&M3D 1.0 automatically generates a set of prisms that fit within the limits defined by 325 

users in one layer, extending along the x, y, or z direction. To enhance operational efficiency, the software employs a dual-326 
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mode: Build Mode for creating anomalous prismatic units, and Erase Mode for removing existing anomalous units. These 327 

complementary modes work in tandem to minimize operational errors, effectively eliminating the need for complete rebuilds 328 

in case of mistakes. To maximize operational flexibility while avoiding redundant constraints, both modes maintain identical 329 

workflows and interaction processes. To facilitate reference-guided modelling, the Irregular tool also allows users to load a 330 

semi-transparent background image as a visual reference (Figure 8). 331 

 332 

Figure 8: Interface of the Irregular tool. The main area is used to delineate the boundaries of the anomalous bodies. Right panels 333 
contain functional zones and parameter setting areas. Build Completed and Cancel buttons are used to finalize or abort the entire 334 
irregular modelling process, while all other functions only operate on the current layer. In this example, a screenshot adapted from 335 
Thomas (1997) is used as a semi-transparent background template to construct an irregular sulphide deposit with a density contrast 336 
of 1.5 g·cm-3. 337 

In the Irregular tool, G&M3D 1.0 offers four drawing modes: Rectangle, Circular, Custom, and Single Click. The modelling 338 

process uses a standardized left-click operation across all modes. Users press and hold the mouse button to activate a real-time 339 

visual preview of the modelling area, and release it to confirm and finalize the operation. In the Custom mode, users can draw 340 

any closed curve to define the boundary of the anomalous body, allowing automatically generated prisms to fit the boundaries 341 

more accurately with gradual sketching. To enhance workflow efficiency, G&M3D 1.0 includes Copy and Paste functionality 342 

for layers. Once users have finalized the geometric modelling and parameter settings (via the unified Property panel, consistent 343 

with regular modelling tools) for the current layer, they must manually save the layer data using the Save Layer option. After 344 

completing the model construction for all target layers, users can execute the “Build Completed” command to finalize and 345 

save the complete dataset. An example of constructing an irregular sulphide deposit model beneath undulating topography is 346 

shown in Figure 9. 347 
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 348 

Figure 9: An irregular sulphide deposit model constructed using the Irregular tool. 349 

Once all anomalous bodies have been constructed, G&M3D 1.0 allows users to export both the model geometry and the 350 

corresponding physical property distributions in multiple data formats. Supported export formats currently include binary, text 351 

and UBC-GIF, which can be selected directly from the drop-down menu in the Export tool. This design not only facilitates 352 

the segmentation of workflows between building source models and forward modelling tasks, potentially assigned to different 353 

operators, but also enhances operational flexibility throughout the gravity and magnetic data processing workflow. The 354 

binary .bin format efficiently retains comprehensive parametric data, while the text-based .txt export adheres to standardized 355 

formatting specifications to facilitate interdisciplinary data exchange. 356 

G&M3D 1.0 provides two methods for forward modelling. Users can either initiate the computation through the Forward tool 357 

found in the “Operate” panel (Figure 5) to build source models and perform forward modelling within a unified project 358 

environment or directly import the pre-constructed models into the Forward-Modelling module using the Input Model option 359 

(Figure 4). Figure 10 shows the main interface of the Forward-Modelling module. To perform forward calculations, users must 360 

first select the desired anomalous bodies by checking the corresponding boxes in the “Body list” panel. Once the bodies are 361 

selected, users can initiate the forward modelling process by clicking the Forward Model button, which opens the Forward 362 

Model interface (Figure 10b). In this interface, users configure the observation parameters, including observation height and 363 

optional noise levels for simulating mobile-platform gravity and magnetic surveys. In addition, users can choose whether to 364 

enable parallel computation and whether to perform the calculation with topography. After configuring these settings, clicking 365 

the ok button will execute the forward calculation. Upon completion, G&M3D 1.0 automatically generates a pseudocolor plot 366 

of the results. Users can switch between different datasets using the drop-down box. The forward modelling results can be 367 

viewed in G&M3D 1.0 or exported as datasets by clicking the Save Data button. 368 
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 369 

Figure 10: (a) Interface of the Forward-Modelling module. The left workspace is used to visualize the gravity/magnetic field. The 370 
upper right area shows the body list, and different bodies can be selected for forward calculation. The functional control area is 371 
located in the lower right section. A sulphide deposit is shown as an example, adapted according to Thomas (1997). (b) Parameter 372 
input pop-up window for Gravity forward modelling, Magnetic forward modelling. A certain proportion of Gaussian noise can be 373 
added to the field values to simulate errors. Mag-Inclination and Mag-Declination correspond to the inclination (I) and declination 374 
(D) of the Earth’s geomagnetic field in Eqs. (17) to (20). Users can freely select the field category to be calculated. (c) Results 375 
calculated over undulating topography. 376 

4 Application 377 

The 3D modelling and forward calculations of the gravity and magnetic fields in G&M3D 1.0 provide practical tools for 378 

potential data analysis and interpretation. Although inversion is not implemented in the current version, the software provides 379 

flexible initial or synthetic models for studies related to inversion. Researchers often conduct synthetic model experiments to 380 

test the feasibility of their algorithms and assess parameter sensitivity. With G&M3D 1.0, they can easily create numerous 381 

density contrast or susceptibility models and quickly obtain the gravity/magnetic data. Moreover, G&M3D 1.0 serves as a 382 

practical educational resource for teaching geophysics, particularly for beginners in gravity and magnetic exploration. 383 

Educators and students can utilize G&M3D 1.0 to construct simplified geophysical models, enabling them to explore the 384 

principles of the potential fields through interactive visualization and analysis. 385 

To illustrate the functionality of G&M3D 1.0, we perform a gravity modelling analysis of a representative salt dome as an 386 

example. This salt dome model is based on available seismic and drill-hole data from Vinton Dome in southern Louisiana 387 
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(Ennen, 2012). It features a caprock with positive-density contrast at depths ranging from 160 to 760 m, alongside a negative-388 

density contrast salt volume located deeper. In the study by Ennen (2012), gravity gradients produced by this salt dome model 389 

are calculated and compared to observed airborne gravity gradient data to identify potential oil signals. As highlighted by 390 

Ennen (2012), constructing such an irregular density contrast model for a salt dome is a labor-intensive process. 391 

In this example, we utilize the salt dome model described by Ennen (2012) to demonstrate the 3-D modelling and forward 392 

calculations of gravity gradients using G&M3D 1.0. According to this study, the source space is divided into 66 × 45 × 28 393 

prisms with dimensions of 100×100×100 m. The density anomaly of the salt dome varies in geometry at different depths, with 394 

differing density contrasts, as presented in Table 2. 395 

Table 2: Density contrast distribution of the salt dome model along the depth 396 

Anomalous body number Depth range of sources (m) Density contrast (kg·m-³) 

1 60-160 575 

2 160-260 575 

3 260-360 400 

4 360-460 400 

5 460-760 50 

6 760-1060 -20 

7 1060-1360 -50 

8 1360-1660 -70 

9 1660-1960 -100 

10 1960-2260 -130 

11 2260-2560 -150 

12 2560-2860 -170 

In G&M3D 1.0, we apply the Irregular tool in the Modelling Module to create a density contrast model of the salt dome. This 397 

salt dome structure can be approximated by 12 separate irregular bodies located at different depths, each with a constant density 398 

contrast, as shown in Table 2. We build these bodies successively using the Modelling Module in G&M3D 1.0. First, we set 399 

the range for the source region in the 𝑥, 𝑦, and 𝑧 axes to [0 7 km], [0 7 km], and [0 5 km], respectively. The division step is 400 

set to be 100 × 100 × 100 m3. Next, in the Layer-Building interface, we specify the layer number as 28 and the density contrast 401 

as -170 kg·m-³. Using Custom mode, we outline the geometry of the salt dome at this depth in the workspace, and then we use 402 

Single Click mode to make slight modifications to its shape. After making these modifications, we save this anomalous body 403 

and change the layer number to 27. The copy and paste functions allow us to visualize the source geometry from the previous 404 

layer on the interface, which facilitates anomaly source localization. Users can easily modify the existing layer structure, 405 

significantly improving modelling efficiency. This process can be repeated to quickly build the complete salt dome model 406 

(Figure 11). 407 
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 408 

Figure 11: The salt dome model built by G&M3D 1.0. 409 

After constructing the 12 anomalous bodies that form the salt dome model, we use the Forward Modelling Module to calculate 410 

the gravity fields and gradients. We set the observation range to match that of the source, with the observation height fixed at 411 

200 m. The resulting gravity fields and gradient components are shown in Figure 12. To validate the accuracy of G&M3D 1.0, 412 

we conduct a comparative analysis with spatial domain approaches (Li and Chouteau, 1998). The maximum absolute difference 413 

is 121.2 10−  mGal for the gravity anomaly and 121.3 10−  E for the gravity-gradient components. These data are consistent 414 

with the forward simulation results provided by Ennen (2012), confirming the accuracy of the forward calculation in G&M3D 415 

1.0. 416 

 417 

Figure 12: The gravity field and gradient components generated by the salt dome model using G&M3D 1.0. Here, 1 mGal = 10-5 m·s-418 
2 and 1 E = 10-9 s-2. 419 
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5 Conclusions 420 

The study introduces an open-source software called G&M3D 1.0, developed using the Qt application framework and C++ 421 

programming language. G&M3D 1.0 is designed to create 3D models of density contrast and magnetization, as well as to 422 

compute their gravity and magnetic fields. Users can run the software either from source code or as a standalone desktop 423 

application. With G&M3D 1.0, users can easily create arbitrary anomalous bodies and perform modifications, deletions, 424 

storage, and display of the model. Furthermore, G&M3D 1.0 extends the efficient BCE algorithm for forward calculations of 425 

gravity gradient tensors and magnetic gradient tensors. Lastly, we demonstrate the gravity modelling over the Vinton salt dome 426 

in southern Louisiana, U.S. This practical application illustrates how G&M3D 1.0 can be utilized for geophysical research, 427 

training, data processing and interpretation. The modular architecture of G&M3D 1.0 also provides a robust foundation for 428 

future extensions, including incorporating additional body types, more flexible property representations, and advanced new 429 

forward functions. 430 
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