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Summary 

 

Accurate interpretation of salt structures plays an important 

role in hydrocarbon exploration. Over the years, several 

methods have been applied to mapping salt structures, 

including seismic, gravity and magnetic. The gravity and 

magnetic methods in particular have the advantages of low 

cost, efficiency, and ability to map the salt flanks and base 

of the salt, which are critical in oil and gas exploration. The 

salt diapirs are characterized by diamagnetic properties 

which makes a standard magnetic inversion for 

susceptibility difficult to apply.  In this paper, we apply a 

recently developed method of total magnetic intensity (TMI) 

data inversion for magnetization vector instead of 

susceptibility. The magnetization vector can change its 

orientation within the inversion domain, thus indicating 

different types of magnetic properties of the rocks. The 3D 

inversion for magnetization vector, however, becomes very 

complicated due to the increased non-uniqueness of the 

inverse problem. To address this ambiguity, we use  a joint 

inversion of gradiometry and TMI data based on a joint 

focusing stabilizer. This novel approach is illustrated by the 

case study of mapping the sea-bottom salt structures in the 

Nordkapp Basin of Barents Sea.  

 

Introduction 

 

Salt domes and salt diapirs represent important targets in 

offshore hydrocarbon (HC) exploration because oil and gas 

deposits are often associated with these structures. The 

traditional approach to offshore oil and gas exploration is 

based on seismic methods.  Interpretation of seismic data in 

the presence of salt formations; however, could be a very 

challenging problem, due to the large contrast of acoustic 

impedance between the salt and surrounding host rocks 

(Hokstad et al., 2011; Paoletti et al. 2020). Compared to the 

seismic method, gravity (gradiometry) and magnetic data 

can provide better defined salt boundaries, especially of the 

salt flanks and salt base (e.g., Fichler et al.2007; Gernigon et 

al. 2011; Stadtler et al. 2014; Paoletti et al. 2020). The salt 

structures are usually characterized by low density and 

diamagnetic properties compared to the surrounding rocks 

(Gernigon et al., 2011). Several successful case studies using 

seismic and gravity (gradiometry) data for mapping the salt 

structures for offshore exploration have been published (e.g., 

Wan and Zhdanov, 2008; Tu and Zhdanov, 2020; Xu et al., 

2020). However, only a few papers have been published on 

application of magnetic field data for salt imaging (e.g., Bain 

et al., 1993; Paoletti et al., 2020).  

 

In some areas, it can be challenging to obtain a geologically 

meaningful inverse magnetic susceptibility model while 

honoring the data. This problem could be caused by the 

presence of remanent magnetization or diamagnetic 

materials. This problem can be addressed by inverting for 

magnetization vector as opposed to magnetic susceptibility 

only (Lelièvre and Oldenburg, 2009; Li et al., 2010; Ellis et 

al., 2012; Zhu et al., 2015; Li, 2017). Inversion for 

magnetization vector introduces more degrees of freedom 

into the inversion process, which increases non-uniqueness. 

We remedy this problem of non-uniqueness by inverting 

total magnetic intensity (TMI) data jointly with gravity 

gradiometry data. The case study presents the results of joint 

inversion of the marine full tensor gravity gradiometry 

(FTG) data and airborne TMI data collected over the 

Nordkapp Basin, Barent Sea. 

 

Theory 

 

In general, the inverse problem can be expressed as the 

following equation: 

 

𝑑 = 𝐴(𝑚),  (1) 

 

Our goal is to determine the model 𝑚 based on known 

forward operator, A, and observed data 𝑑. This is usually an 

ill-posed problem, which requires regularization. We apply 

minimization of the Tikhonov parametric functional: 

 

𝑃𝛼(𝑚) = 𝜑(𝑚) + 𝛼𝑠(𝑚) = 𝑚𝑖𝑛, (2) 

 

where 𝜑(𝑚) is misfit functional; 𝑠(𝑚) is stabilizing 

functional; and 𝛼 is regularization parameter 

 

In a case of jointly inverting two datasets, gravity and 

magnetic,  we select the following specific form of the 

parametric functional with the joint focusing stabilizer,  

𝑠𝑗𝑓(𝑚(1), 𝑚(2)):
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Mapping the salt structures from magnetic and gravity gradiometry data 

 

 

𝑃 = ∑ 𝜑(𝑚(𝑖))2
𝑖=1 + 𝛼𝑠𝑗𝑓(𝑚(1), 𝑚(2)), (3) 

 

where 𝑚(1) = 𝜌 is the density model, and 𝑚(2) =
{𝑀𝑥, 𝑀𝑦, 𝑀𝑧} is the magnetization vector model. We invert 

for all components of the magnetization vector; however, it 

is important to note that only vertical (Z) component of the 

magnetization vector is included in the focusing stabilizer.  

Future work will include incorporation of all components in 

the stabilizer. This approach is justified by the results of 

standalone magnetization vector inversion, where the 

vertical component of magnetization vector is dominant, 

which is the case in Nordkapp Basin. Thus, the focusing term 

incorporates the density and the vertical (Z) component of 

the magnetization vector to reduce non-uniqueness, as 

follows: 

𝑠𝑗𝑓(𝑚(1), 𝑚(2)) = 

 

∭
∑ 𝑊𝑚,𝑗

(𝑖=1(2))
(𝑚(𝑧)

(𝑖=1(2))
−𝑚(𝑧)𝑎𝑝𝑟

(𝑖=1(2))
)22

𝑖=1

∑ 𝑊𝑚,𝑗
(𝑖=2(1))

(𝑚𝑧
(𝑖=2(1))

−𝑚𝑧,𝑎𝑝𝑟
(𝑖=2(1))

)2+𝑒22
𝑖=1

𝑑𝑣
𝑉

, (4) 

 

where 𝑚(1) = 𝜌 is the density model; 𝑚𝑧
(2)

= 𝑀𝑧 is the 

vertical component of the magnetization vector; and 
coefficient  𝑒 is the focusing parameter (Zhdanov, 2015; 

Molodtsov and Troyan, 2017). The joint minimum support 

constraint is not enforced until the data misfit corresponding 

to both models reaches the level 𝜒2 = 2, to avoid the 

introduction of spurious features in the joint focusing 

inversion (Jorgensen and Zhdanov, 2020). 

 

It is important also having an additional level of data and 

model weighting to ensure a similar scale of both 

geophysical data sets in the joint inversion. In this project, 

the observed data are weighted by the related errors: 

 

𝑊𝑑
(𝑖)

=
1

(𝑒𝑓
(𝑖)

𝑑(𝑖)+𝑒𝑎𝑏𝑠
(𝑖)

)
, (5) 

 

where 𝑒𝑓
(𝑖)

 are the relative errors and 𝑒𝑎𝑏𝑠
(𝑖)

 are the absolute 

errors. In the joint inversions, data weights are further scaled 

by the initial data misfit for each data set: 

 

𝑊𝑑,𝑗
(𝑖)

=
𝑊𝑑

(𝑖)

𝜑𝑖𝑛𝑖(𝑚(𝑖))
, (6) 

 

where 𝜑𝑖𝑛𝑖(𝑚(𝑖)) are the initial misfits. 

 

The model weights for density are determined by integrated 

sensitivity (Zhdanov, 2015):  

 

𝑊𝑚
(𝑖1)

= 𝑑𝑖𝑎𝑔√𝐹(𝑖)𝑇𝐹(𝑖)4
, (7) 

 

where 𝐹(𝑖) is Fréchet derivative of  the corresponding 

forward operator, 𝐴𝑖(𝑚𝑖); 𝐹(𝑖)𝑇  is the transposed Fréchet. 

In the joint inversions, the model weights for density are 

further scaled as follows:  

𝑊𝑚,𝑗
(1)

=
𝑊𝑚

(1)

𝑚𝑎𝑥(𝑚𝑠𝑒𝑝
(1)

−𝑚𝑏
(1)

)
, (8) 

where 𝑚𝑠𝑒𝑝
(1)

 are the models obtained from standalone 

inversion; 𝑚𝑏
(1)

 is a background model. 

In the same way, the model weights for the magnetization 

vector are determined as follows:  

 

𝑊𝑚𝛾

(2)
= {𝑑𝑖𝑎𝑔 √𝐹𝛾

(2)𝑇
𝐹𝛾

(2)4
} , (𝛾 = 𝑥, 𝑦, 𝑧), (9) 

 

and in the joint inversion the model weights are further 

scaled as follows: 

 

𝑊𝑚,𝑗
(2)

= {
𝑊𝑚𝛾

(2)

𝑚𝑎𝑥(𝑚𝑠𝑒𝑝𝛾

(2)
−𝑚𝑏𝛾

(2)
)
} , (𝛾 = 𝑥, 𝑦, 𝑧), (10) 

 

Case study 

 

The Nordkapp Basin (NKB), located in the southwestern 

Barent Sea, is about 300 km long and 30-80 km wide, and it 

has a narrow graben-type structure. Our study area is 

selected in the southern sub-basin of the NKB (Figure 1). A 

marine full tensor gravity gradiometry (FTG) survey has 

been conducted by Bell Geospace on behalf of StatoilHydro 

in 2008. Also, recently the high-resolution aeromagnetic 

data were acquired by the Geological Survey of Norway. 

The height of the cesium magnetometer was set at ~230 m 

above sea level, and the line spacing was 500 m. Most of the 

diapirs are located near the seabed, and the average depth of 

the sea is about 300 m. 

 

The expectations are that FTG anomalies could help to map 

the geometries of salt diapirs in Nordkapp basin. Indeed, the 

density range of the host rocks in the study area is 

approximately 2.30—2.38 g⁄cc, and the salt diapirs are 

characterized by density anomalies with negative values 

around -0.2— -0.4 g⁄cc (Xu et al., 2020). At the same time, 

these salt diapers are diamagnetic and have a negative 

magnetization contrast with respect to the surrounding 

Tertiary sea-bottom formations. 

 

The gravity gradiometry and TMI data were filtered to 

eliminate the responses from the deeper sources by using 

regional trend removal. The inversion domain was 

discretized by rectangular cells with   325 × 325𝑚2 

horizontal size and vertical size logarithmically increasing 

with the total depth to 3400 m. The total grid size was 

~60,071 cells. The horizontal size of inversion area was 

20 × 10 𝑘𝑚2. 
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Mapping the salt structures from magnetic and gravity gradiometry data 

 

 
Figure 1: Map of Nordkapp basin, Barent sea (after Paoletti et al. 

2020), the red square includes area of FTG and high resolution 

aeromagnetic survey. The black box shows the inversion area. 

 

Figure 2 presents a map of the observed TMI data showing 

the inversion area. The red dot lines indicate the location of 

profiles AA’, BB’ and CC’, which will be analyzed in the 

next section. 

 

Results 

 

Figure 3 shows, as an example, a comparison between the 

observed and predicted Gzz and TMI data produced by 

standalone and joint focusing inversions. We can see that the 

observed data fit predicted data very well. 

 

Figure 4 presents the vertical sections of inversion results 

along profiles AA’, BB’ and CC’, shown in Figure 2. The 

standalone inversion results contrast the joint inversion 

results shown in Figures 4, 5, and 6. From these results, we 

can see that the joint focusing inversion helped to “clean up” 

the distortions of the inverse images in the deep areas.  The 

produced images of the density and magnetization models 

become clearer and with sharper boundaries. 

 

We should note that, the white arrows in these figures 

represent the direction and strength of magnetization vector 

produced by the inversion; the red bold arrow indicates the 

direction of inducing magnetic field. It is interesting to note 

that, the magnetization vectors within the salt diapirs point 

upward at the direction opposite to the direction of the 

inducing magnetic field (shown by bold red arrow), which 

indicates a diamagnetic property of the salt structures. At the 

same time, the magnetization vector changes its direction 

outside the diapirs and points downward in the direction of 

the inducing magnetic field, which is typical for 

paramagnetic minerals present in Cretaceous sea-bottom 

layers of the host formations (Paoletti et al., 2020). The 

spatial distribution of the magnetization vector, produced by 

the joint inversion, could serve as a good indicator of the 

geometry of the salt diapirs in the Nordkapp basin. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: This is the observed TMI data map showing the inversion 
area. Red dot lines showed the location of profile AA’, BB’ and CC’. 

 

 
 
Figure 3.  Upper panels show the observed and predicted Gzz 

component of gravity gradient field data from standalone and joint 

inversions, respectively. Lower panels present the observed and 

predicted TMI data from standalone and joint focusing inversions, 
respectively. 
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Mapping the salt structures from magnetic and gravity gradiometry data 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Profile AA’: Vertical sections of the density and 
magnetization models produced by standalone and joint focusing 

inversions, respectively. The white arrows represent the 

magnetization vector; the red bold arrow indicates the direction of 
inducing field. The color bars show density and Mz, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Profile line BB’: Vertical sections of the density and 
magnetization models produced by standalone and joint focusing 

inversions, respectively. The white arrows represent the 
magnetization vector; the red bold arrow indicates the direction of 

inducing field. The color bars show density and Mz, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Profile line CC’: Vertical sections of the density and 

magnetization models produced by standalone and joint focusing 

inversions, respectively. The white arrows represent the 
magnetization vector; the red bold arrow indicates the direction of 

inducing field. The color bars show density and Mz component, 

respectively. 

 

Conclusions 

 

We consider a novel approach to the inversion of the TMI 

data for magnetization vector based on joint analysis of 

magnetic and gravity gradiometry data. By jointly inverting 

two different data sets, we improve the robustness and 

reduce the ambiguity of the potential field inversions. 

 

This approach was used for jointly inverting marine gravity 

gradiometry and airborne TMI data collected over the 

Nordkapp Basin, Barents Sea. These data types were chosen 

for Nordkapp basin because the main geological targets in 

this area, the salt diapirs, are characterized by low density 

and diamagnetic anomaly compared to the surrounding sea-

bottom layers. The results of inversion demonstrate that the 

position and geometry of the salt diapirs can be clearly seen 

in the density and magnetization inverse models. 

Remarkably, we can also observe a change of magnetization 

vector directions from diamagnetic diapirs to surrounding 

sea-bottom paramagnetic rocks. 

 

Our results are also in a good agreement with the published 

results of the standalone gravity gradiometry and magnetic 

data inversions for the same area (Xu et al., 2020; Paoletti et 

al., 2020) 
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