
SPECIAL TOPIC: EM & POTENTIAL METHODS    

F I R S T  B R E A K  I  V O L U M E  3 5  I  S E P T E M B E R  2 0 1 7 5 5

CPU time required to apply a huge, dense matrix of the forward 
modelling operator to the data and model vectors, even using 
parallel computing.

In order to overcome these difficulties, we have introduced 
the concept of a moving sensitivity domain (MSD) (Zhdanov and 
Cox, 2015; Zhdanov et al., 2014a, b). In the framework of this 
approach, for a given potential field receiver, we compute and 
store the Fréchet derivative matrix inside the inversion cells only 
within a predetermined horizontal distance from this receiver. 
The radius of the sensitivity domain (footprint) is selected based 
on the rate of the corresponding Green’s function attenuation. For 
example, the footprint size for gravity fields is proportional to  
1/r²; for gravity gradiometry and magnetic fields it is proportional 
to 1/r³; and for magnetic gradiometry it is proportional to 1/r4. It 
follows that the linear operators can be applied as sparse matrices 
with computational requirements reduced by several orders of 
magnitude and no loss of accuracy. In addition, our software 
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Introduction
The 3D inversion of potential field data constitutes an increas-
ingly important method of interpretation of geophysical data. A 
generalized inversion method first discretizes the 3D earth mod-
els into cells of constant density, susceptibility, or magnetization 
vector. In the case of continental-scale geophysical data collected 
by a combination of land, airborne and satellite measurements, 
the survey area may cover thousands and even millions of square 
kilometres, which makes the size of the inversion domain and the 
number of inverse model parameters extremely large. It is well 
known that for potential field data the computational complexity 
increases linearly with the size of the problem. Even a small-sized 
3D inversion of huge amounts of data to 3D earth models with 
hundreds of thousands of cells can exceed the memory available 
on a desktop computer. In the case of several millions of discre-
tization cells, the memory requirements may exceed the capacity 
even of the PC clusters. The second obstacle is the amount of 
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Figure 1 Map of the Bouguer Anomaly gravity data used in the inversion. The black 
dots denote the coast line, and the black box outlines the Minchumina Basin area 
analysed in more detail.

Figure 2 Map of the total magnetic intensity data used in the inversion. The black 
dots denote the coast line and the black box outlines the Minchumina Basin area 
analysed in more detail.
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complementary, which makes it a natural for consideration in a 
joint inversion of the different geophysical data.

There are different approaches to joint inversion (see, for 
example, an excellent review by Dell’Aversana, 2013). In a 
case where the corresponding model parameters are identical or 
mutually correlated, the joint inversion can explore the existence 
of this known correlation (e.g., Jupp and Vozoff, 1975; Hoversten 
et al., 2003, 2006). In a case, where the model parameters are not 
correlated, but nevertheless have similar geometrical features, the 
joint inversion can be based on structure-coupled constraints. It is 
often based on minimizing a value of the cross gradients between 
different model parameters. This has now been widely used in the 
joint inversion of geophysical data (e.g., Colombo and De Stefano, 
2007; Hu et al., 2009; Jegen et al., 2009; De Stefano et al., 2011; 
Moorkamp et al., 2011). Zhdanov et al. (2012) developed a gen-
eralized approach to joint inversion based on Gramian constraints 
which correlate and/or impose structural similarities between 
different physical properties without a priori knowledge about a 
specific form of these cross-model relationships (for details, see 
Zhdanov, 2015). The principles of joint inversion of gravity and 
magnetic data using Gramian constraints was also outlined in a 
paper published in First Break last year (Zhdanov et al., 2016).

is fully parallelized so run times are in the order of hours on 
cluster resources. We have recently introduced a general method 
of solving truly large-scale potential field inverse problems with 
multi-level GPU parallelization where the modelling domain 
is discretized into hundreds of millions (even billions) of cells 
(Čuma and Zhdanov, 2014).

As gravity and magnetic inversion is an ill-posed problem, a 
regularization must be introduced to recover the most geological-
ly plausible solutions from the infinite number of mathematically 
equivalent models. The regularization effectively selects the class 
of models from which a unique solution is sought. Over the years, 
a variety of methods have been developed for 3D inversion of 
potential field data with both smooth (e.g., Li and Oldenburg, 
1996, 1998; Li, 2001) and focusing (e.g., Portniaguine and 
Zhdanov, 1999; Zhdanov, 2002, 2009, 2015) regularizations.

Non-uniqueness can also be reduced by incorporating addi-
tional information derived from available geological and/or 
geophysical data in the survey area to reduce the searching space 
for the solution. This additional information can be incorporated 
in the form of a joint inversion. Different geophysical fields 
provide information about the different physical properties of 
rock formations. In many cases this information is mutually 

Figure 3 Horizontal cross sections of recovered density by separate (left panels) and joint (right panels) inversions at 500 m depth (upper two panels) and 10 km depth 
(lower two panels).
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Magnetic data in the form of total magnetic intensity are 
available globally through a number of products that include 
contributions from the Earth’s core, crust and/or ionosphere. As in 
this geophysical inversion we are mainly interested in the crustal 
anomalies, we chose the EMAG2_V3 model (Meyer et al., 2016), 
which is compiled from satellite, ship, and airborne magnetic 
measurements and delivered on a 2 arc-minute grid (approxi-
mately 2 km) in WGS94 co-ordinate system. We extracted the 
data covering the area of Alaska and Yukon and converted to the 
UTM Cartesian grid (UTM zone 7). The data were continued 
upward to an elevation of 4 km; thus, we used a 4-km observation 
point height for the magnetic data throughout the inversion. This 
upward continuation limits the near-surface resolution of the 
magnetic data.

For magnetic modelling, we also need the value of the refer-
ence magnetic field. For this, we used the IGRF-12 geomagnetic 
model (Thébault et al., 2015). As the geomagnetic model varies 
with distance, which can be considerable on a continental scale, 
we modified our modelling algorithm to use a unique IGRF 
value for each observation point. The reference magnetic field 
varies with time as well, so we selected 1/1/2016 as the reference 
date, which roughly corresponds to the publishing date of the 

In this paper, we present a case study of a continental-scale 
joint inversion of gravity and magnetic data covering the US state 
of Alaska and Canadian province of Yukon using parallel GPU 
capable software (Čuma and Zhdanov, 2014).

The sources of the data and their preparation for 
inversion
Apart from specific ground-based and airborne surveys, both 
gravity and magnetic data are also available as global products 
with the base data typically obtained by satellite observations and 
augmented with ground or airborne data, where available.

The Alaska gravity data are based on the ground-based meas-
urements from USGS, with the total of 91,547 stations covering 
the area of approximately 1,800,000 km². The Yukon Gravity data 
came from Natural Resources Canada, totalling 12,211 stations 
distributed over an area of approximately 500,000  km². The 
Complete Bouguer Anomaly data were converted from the orig-
inal NAD83_Albers_Alaska coordinates to the UTM Cartesian 
co-ordinates (UTM zone 7) and interpolated into a 1 km × 1 km 
grid resulting in 2,504,665 data points. These gravity data were 
then processed with a high-pass filter with cut-off of 10,000 m to 
remove regional effects.

Figure 4 Horizontal cross-sections of recovered susceptibility by separate (left panels) and joint (right panels) inversions at 500 m depth (upper two panels) and 10 km depth 
(lower two panels).
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the gravity and TMI data over the entire region. For the joint 
inversion, we used the same grid as in the separate inversions, 
i.e. 2×2 km horizontal cell size and 200 m vertical cell size at 
the surface increasing by 3% at every layer up to a total depth of 
27 km. The inversion for roughly 60 million cells and 1 million 
data points took about three days to complete on nine dual GPU 
nodes equipped with NVidia Tesla M2090 cards. We used a single 
Gramian stabilizer for the entire inversion domain enforcing a 
correlation between density and susceptibility. We ran both the 
separate and joint inversions to a common L2 norm misfit of 1%, 
which took 30 iterations for TMI data, 70 for gravity data, and 70 
iterations for the joint inversion, respectively.

The inversion results consist of two extremely large-scale 
3D models of the Earth’s crust, distributions of the density and 
magnetic susceptibility. They span an area of approximately 
2,300,000 km² covering Alaska and Yukon, and extending at a 
depth of 27 km. Figures 3 and 4 show horizontal cross sections 
of density and susceptibility obtained with separate and joint 
continental-scale inversions at 500 m depth (upper two panels) 
and 10 km depth (lower two panels). We should note that the dif-
ferences between the results of the separate and joint inversions 
for the density distribution are relatively small and difficult to see 

EMAG_V3 magnetic model. The maps of gravity and magnetic 
data used in this study are shown in Figures 1 and 2.

Results
The TMI data used for the inversion were presented roughly 
on a 2-km grid while the gravity data were taken on a 1-km 
grid. Both datasets were cut on the sides of the survey area 
to approximately copy the landmass surface. For both inde-
pendent and joint inversions on the continental scale we have 
discretised the inversion domain using a 2-km horizontal grid. 
For the vertical discretization, we started with a 200 m vertical 
cell size and increased it by 3% at every horizontal layer up 
to total depth of the inversion domain of 27 km. This resulted 
in ca. 60 million domain cells and ca. 626,000 data points for 
the gravity and 420,000 data points for the TMI data. We ran 
all the inversions with our parallel OpenACC GPU enabled 
program (Čuma and Zhdanov, 2014). Note that we considered 
the effect of the Earth’s curvature by incorporating simple 
geometric correction terms in the potential fields modelling 
kernels (Lane, 2009).

We first conducted the independent inversions of gravity 
and TMI data, and then proceeded to run a joint inversion of 

Figure 5 Minchumina Basin area: horizontal cross sections of density recovered by the independent continental-scale inversion (left panels) and joint continental-scale 
inversion (right panels) at 500 m depth (upper panels) and 10 km depth (lower panels).
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zontal cross-sections, obtained from the continental-scale inver-
sions. The density maps shown in the figures are similar between 
the separate and joint inversion, but we observe noticeable focus-
ing of the susceptibility, particularly near the surface. For these 
particular upward continued TMI data, the main utility of the joint 
inversion is the considerably improved susceptibility resolution at 
the near surface. In Figures 7 and 8 we compare the regional-scale 
inversion result with a cut-off of the continental-scale inversion 
discussed above. The correlation of the continental-scale result 
with the regional-scale inverse model is fairly good, despite a 
weak enforcement of the coupling between the density and the 
susceptibility at the continental-scale inversion. The cross plots 
of density and susceptibility for the models obtained from the 
regional inversions are shown in Figure 9. We notice a stronger 
correlation trend in the joint inversion result (right panel) owing 
to the stronger weight of the Gramian stabilizer, which suggests 
the presence of a linear trend in this area.

Conclusions
We have developed a computationally effective algorithm of 
joint inversion of the gravity and magnetic data on a continental 
scale based on a Gramian stabilizer. The extremely large-scale 

owing to the large scale of the inversion domain. However, the 
differences in magnetic properties distribution are quite visible in 
these maps. The produced 3D models of density and susceptibility 
distribution in Alaska and Yukon provide invaluable information 
about the geology of this vast region. These models can be used 
as a foundation of geological and structural interpretation of 
geophysical data on a continental scale, which will serve as a road 
map for future mineral exploration.

To assess the utility of continental-scale inversion for regional 
anomaly exploration, and to evaluate the effect of density and 
susceptibility coupling at a reasonably observable scale, we also 
focused on a small section of ca. 100×100 km² in the Minchumina 
Basin in central Alaska. There is a number of underexplored basins 
in Alaska that have hydrocarbon potential, and this is one of them. 
We ran this regional-scale inversion on 500×500 m² horizontal cell 
size and vertical size starting with 150 m and increasing by 3% up 
to the depth of 27 km. In this basin, the correlation between density 
and susceptibility is strong, and therefore we can use the strength 
of the Gramian stabilizer. As in the full domain case, we ran the 
inversion to a normalized L2 norm misfit of 1%.

In Figures 5 and 6 we compare the results of the separate and 
joint inversions of the Minchumina Basin subset for a few hori-

Figure 6 Minchumina Basin area: horizontal cross-sections of susceptibility recovered by the independent continental-scale inversion (left panels) and joint continental-scale 
inversion (right panels) at 500 m depth (upper panels) and 10 km depth (lower panels).
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about the geology of this vast region. These models can be used 
as a foundation of geological and structural analysis of geophysi-
cal data on a continental scale, which will serve as a road map for 
future mineral, oil, and gas exploration. The in-depth geological 
interpretation of these large-scale models will constitute a subject 
of future research.
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