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Abstract. The Greenland Magnetic Map (GREENMAG) is a new compilation of magnetic anomaly
data that covers the inland ice, ice-free coastal areas, and adjacent shelf regions of Greenland
(https://doi.org/10.22008/FK2/LQN5YJ, Heincke and Szwillus, 2025). GREENMAG is based on all accessi-
ble modern regional aeromagnetic surveys from Greenland and vintage datasets without GPS positioning in
areas where modern data are lacking.

The magnetic anomaly map is generated by a combination of equivalent source (ES) modeling and spherical
harmonic expansion. Hereby, the data points are used at their actual measurement location as input data for the
inversion of the ES modeling. The equivalent sources are represented by magnetic dipoles that are arranged in
three uniform grids with different source spacing and depths (coarsest spacing: 10× 10 km; medium spacing:
2× 2 km; finest spacing: 0.7× 0.7 km). Regularization in the inversion for the different equivalent source grids
are chosen such that the resulting resolution is adapted to the largely varying magnetic data coverage in Green-
land. Since long wavelength components in aeromagnetic data are considered unreliable, they are replaced by
the LCS-1 satellite model based on magnetic gradient measurements of the Swarm and CHAMP missions. For
merging, the responses from the individual equivalent dipole sources are transferred to spherical harmonics and
replaced for degree n= 13–133 by the Gaussian coefficients of the LCS-1 model.

The final magnetic anomaly map is calculated from the combined model at a constant height of 2000 m a.s.l.
(WGS84) and with a grid spacing of 400× 400 m.

The comparison between the GREENMAG and the earlier compilation from the Circum-Arctic Mapping
Project (CAMP-M) highlights the enhanced level of detail now available across many regions of Greenland.
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1 Introduction

The remote, Arctic, and often alpine conditions of Greenland
make geophysical surveying on a regional scale generally
very expensive. To systematically map large areas under such
conditions, airborne magnetic mapping is considered as the
cheapest and one of the best-suited methods (Golynsky et al.,
2018) for gaining insight into the crustal geology of Green-
land. Since areas insufficiently covered by airborne mag-
netic surveys can, moreover, be supplemented with lower-
resolution satellite data, regional-to-continental-scale mag-
netic maps belong to the most uniform and consistent pre-
sentations of geophysical data in this region (e.g., Verhoef
et al., 1996; Gaina et al., 2011).

In particular, for the inland ice sheet that is inaccessible
for direct geological mapping and where geophysical sur-
veying is challenging, magnetic data are often treated as the
main source for extracting geological information (for exam-
ple, to trace geological units under the inland ice (MacGre-
gor et al., 2024), to build up lithospheric models (Wansing
et al., 2024), to understand the heat flow patterns (Kolster
et al., 2023) or to map the path of the Iceland mantle plume
Martos et al., 2018). But also for the ice-free coastal areas
and adjacent shelf-regions, aeromagnetic maps are consid-
ered as highly relevant to understand the geologic history of
e.g., Precambrian and Caledonian orogenies (Steenfelt et al.,
2021; Drenth et al., 2023), magmatic provinces and basins
(Berger and Jokat, 2008), the Cenozoic and Mesozoic con-
tinental break-ups and the opening of the Northern Atlantic,
Baffin Bay and Arctic Ocean (Døssing et al., 2013; Geissler
et al., 2017), and are used for both mineral (Møller Nielsen,
2004; Brethes et al., 2018) and hydrocarbon (Christiansen,
2021) exploration. Depending on the application, either char-
acterization of regional-scale deep crustal structures and fea-
tures associated with magnetic long wavelength anomalies or
detailed small-scaled anomaly patterns associated with e.g.,
dyke swarms, local faults, thrusts, and intrusions are of par-
ticular interest (Møller Nielsen, 2004; Brethes et al., 2018);
and for some applications, as e.g., mineral prospectivity map-
ping (Heincke and Møller Stensgaard, 2017), magnetic fea-
tures in various scales are important. This means that mag-
netic compilations suitable for a wide range of applications,
and thus a broader community, should accurately both repre-
sent the long-wavelength signal and resolve detailed anomaly
features.

Over the past decades, a number of Arctic magnetic
anomaly compilations have been released that cover whole
or large parts of Greenland as e.g., the GAMMA-5 compila-
tion (Verhoef et al., 1996), the compilation from the Circum-
Arctic Mapping Project (CAMP-M; Gaina et al., 2011) and
the compilation from the NAGTEC atlas (Nasuti and Olesen,
2014). In addition, global magnetic anomaly maps such as
EMAG2V3 (Meyer et al., 2017) and WDMAM (Lesur et al.,
2016) also cover Greenland. However, these global datasets
typically incorporate regional sources like GAMMA-5 and

CAMP-M to enhance Arctic coverage and, hence, result in
similar resolution and appearance over Greenland.

In all of these compilations, fully processed magnetic
anomaly grids from individual airborne surveys were stitched
together to assemble large-scale compilations. Since long
wavelength trends from aeromagnetic surveys are often con-
sidered unreliable, long wavelengths components in the
more recent CAMP-M and NAGTEC compilations are re-
placed with those from satellite models. Hereby, they used
wavenumber filtering techniques based on the Fourier trans-
form to integrate the satellite models. The final compila-
tions are presented as grids with fixed spacing ranging from
2×2 km (CAMP-M and NAGTEC compilation) to 5×5 km
(GAMMA-5 compilation).

(1) Since these conventional approaches have several
weaknesses (see below) and (2) since both a considerable
amount of new aeromagnetic data sets and a new lithosphere
model from modern satellite instruments (LCS-1 model;
Olsen et al., 2017) have become available after these com-
pilations were published, we decided to build a new mag-
netic anomaly compilation named Greenland magnetic map
(GREENMAG). This compilation is based on a more ad-
vanced methodology and incorporates all modern regional
aeromagnetic datasets from Greenland and the adjacent off-
shore regions that are accessible today. Our method combines
equivalent source (ES) modeling (e.g., Dampney, 1969; Li
and Oldenburg, 2010) and a spherical harmonic (SH) ex-
pansion (e.g., Blakely, 1995) that does not integrate pre-
processed grids from individual surveys, but uses the actual
line data at their original measuring locations. In the equiva-
lent source modeling, magnetic dipoles were used as sources
(e.g., Ravat et al., 2002; Dilixiati et al., 2022) that were ar-
ranged in three grid layers at different depth levels and with
different lateral dipole spacing. The equivalent sources of
each layer were determined in smoothing regularized least
mean square inversion problem. Due to the significant num-
ber of both input data (> 130 M data points) and model pa-
rameters (up to 7 M ES), an adequate data reduction strategy
was required and sparse matrix solvers were used to keep
the calculation manageable on a high-performance personal
computer in terms of both memory and speed. In addition,
we reduced the required memory by dividing the entire area
into a number of overlapping blocks and performing the pro-
cedure independently for each block. At the end, the result-
ing magnetic anomaly maps from the individual blocks were
merged to create the final magnetic compilation. For the SH
expansion, the approach from Dilixiati et al. (2022) was used,
which allows us to determine the Gauss coefficients directly
from the equivalent sources.

This approach has several advantages compared to the
conventional strategy:

1. By using data at their measurement locations, it is easier
with ES modeling than with conventional approaches
to consistently combine data sets from surveys that are
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largely overlapping and have very different acquisition
parameters. For example, it is generally unproblematic
to integrate a large-scale survey with a very wide line
spacing of tens of kilometers and a local high-resolution
survey with dense line spacing. Preprocessed grids are
more challenging to stitch together because of the vari-
ations in their resolutions and appearance.

2. By using an inversion setup, (a) the different data qual-
ity of individual surveys can be taken into account by
reducing the influence of less reliable data through the
assignment of larger error margins during the inversion
process, (b) erroneous data points can be identified by
their poor data fit, and (c) systematic errors (e.g., artifi-
cial quasi-uniform shifts of data sets) can be corrected
automatically.

3. The use of multiple grid levels with different dipole
spacings in the ES modeling allows the strength of reg-
ularization to be adjusted separately for different wave-
lengths. This gives flexibility in presenting anomalies
everywhere in an appropriate amount of detail and res-
olution. This is particularly important for this compila-
tion due to the highly variable magnetic data density in
Greenland.

4. The influence of different flight altitudes of the surveys
on the magnetic responses is inherently corrected in the
ES modeling and does not lead to inconsistencies when
the datasets are merged.

5. The resulting ES model can be used to simulate the
magnetic anomaly for any location and elevation. This
allows, for example, the determination of the residual
magnetic anomaly at a constant elevation.

6. Since the spherical shape of the earth is taken into ac-
count both in the ES modeling and the SH expansion,
no distortions are incorporated for long wavelengths re-
lated to a flat-earth assumption.

Despite the many advantages of this approach, deter-
mining suitable inversion parameters (e.g., regularization
strengths) and accurate data error estimates for all datasets
requires considerable effort. As a result, multiple test runs
may be necessary before achieving a satisfactory anomaly
map.

The higher resolution of this new magnetic map across
many regions enables direct correlation of local features
– such as intrusions, dykes, and secondary faults – with
regional-scale and deep-seated structures, which was not
possible with previous, coarser maps. This advancement will
allow for more refined and consistent interpretations of geo-
logical and tectonic processes, which are crucial for a wide
range of applications such as, for example, to improve min-
eral prospectivity maps or to better understand processes at
the continental margins.

In this contribution, we first give an overview of the air-
borne geophysical datasets and the LCS-1 satellite model
used in the compilation (Sect. 2). We then present the
methodology (Sect. 3) starting with a brief introduction of the
magnetic field of a magnetic dipole followed by a description
of the implementation of the equivalent source model. Next,
we describe how the magnetic field on a constant height
level was simulated from the equivalent source model, how
the magnetic fields from the ES were expressed in spheri-
cal harmonics, and how the long-wavelength components of
the satellite data were added. In Sect. 4, we summarize the
preparation of the aeromagnetic data to be used as input data
for the ES modeling and explain our choices of parameter
settings used in the ES modeling. Finally, we present the
new Greenland magnetic anomaly compilation in Sect. 5 and
make a general evaluation of the quality of the compilation.
In this context, we indicate exemplary a number of features
that are not or little resolved in the former CAMP-M compi-
lation, but can be clearly observed in our new compilation.

2 Aeromagnetic datasets and satellite models

2.1 Aeromagnetic datasets

In total 50 aeromagnetic datasets were used in the GREEN-
MAG compilation having ≈ 1.83 M line kilometers (Fig. 1
and Table 1). Most of them are modern regional surveys from
the last three decades with high quality data and uniform
data coverage; but in areas where such data are lacking, we
filled gaps with older data without GPS positioning (GICAS,
EASTMAR, NOO-73) and datasets with sparse survey lines
(GAP91/92, ICEBRIDGE).

Both the coverage with regional magnetic data and the
quality of the available magnetic datasets vary significantly
in Greenland and the adjacent offshore regions (see Fig. 1).
The coastal ice-free onshore areas of West, South and South-
east Greenland are well-covered with high-quality data from
the AEROMAG surveys (collected from 1992–2013) having
dense inline spacing ranging from 500 to 1000 m (Rasmussen
et al., 2013; Riisager and Rasmussen, 2014), and also most of
the near-coastal sedimentary basins of West, East and South
Greenland were systematically surveyed with modern aero-
magnetic data (inline spacing: 4 to 8 km) by the company
TGS-NOPEC from 2007 to 2011. The remaining parts of the
shelf regions of East Greenland are filled with vintage data
from the EASTMAR project from 1979 (Larsen and Thorn-
ing, 1980) and a dataset (NOO-73) from the Naval Oceano-
graphic Office from 1973 (Vogt et al., 1980). These datasets
provide relatively dense data coverage, but suffer from poor
positioning due to the lack of GPS and poor representation
of long-wavelength trends (dataset EASTMAR1). Most of
the offshore region north of Greenland are uniformly cov-
ered with data from several surveys (LOMGRAV, Lincoln
Sea, PMAP-CASE, NOGRAM, CASE, NARES) acquired
by the Geological Survey of Canada (GSC), the German Fed-
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Figure 1. Line data that are used for the magnetic anomaly com-
pilation. The different projects are distinguished by their color-
coding. The topography of the GEBCO bathymetry model (https:
//www.gebco.net/, last access: 5 March 2026) is shown in the back-
ground.

eral Institute for Geosciences and Natural Resources (BGR),
the Alfred Wegener Institute (AWI) and the Technical Uni-
versity of Denmark (DTU); but in most parts of the ice-free
costal areas of North Greenland systematic regional surveys
are missing, and only a smaller portion is covered here with
local AEM surveys.

Over the inland ice, dense coverage with (modern) aero-
magnetic surveys is lacking. In the central and northern part,
the very coarse pattern of mainly east-west-oriented profiles
of the GAP91/92 project (line spacing of 20–70 km; Brozena,
1992) and the irregularly acquired line patterns from the ICE-
BRIDGE project provide the only aeromagnetic data in most
of the area. Only in the northeast are additional data from the
AWI 93/96 surveys available. In the southern part of the in-

land ice, the coverage is generally slightly higher since these
data are complemented with the systematically flown surveys
from the GICAS project (line spacing: ≈ 10 km; Thorning
et al., 1988). However, the GICAS datasets were collected
in the 1980s without GPS positioning, and these data suffer
from rather poor data quality.

2.2 Satellite model

A lithospheric magnetic field model derived from CHAMP
and Swarm satellite data (LCS-1; see Olsen et al.,
2017) (data download at https://www.spacecenter.dk/files/
magnetic-models/LCS-1/, last access: 26 February 2026)
was used for the long wavelength part of our compila-
tion. The CHAMP and the Swarm missions were launched
by NASA and ESA in 2000 and 2013, respectively. The
CHAMP satellite had an orbit at altitudes lower than 350 km,
but the Swarm mission consists of three identical satellites
with orbits at 450 and 530 km altitudes. Unlike previous
magnetic satellite models, not the magnetic fields, but their
gradients, were used to build the LCS-1 model. Since gra-
dients are less affected by large-scale external field contri-
butions, this model is considered more robust against noise
from geomagnetic activities common at polar regions. Re-
ferring to Olsen et al. (2017), the model agrees very well
with other satellite-derived lithospheric field models at low
degrees (degree correlation above 0.8 for degrees n≤ 133).

3 Methodology

3.1 Equivalent source dipole model

Equivalent source models result in a linear inverse prob-
lem, where a vector of magnetic field observations
[d1, . . .,dM ]

T
= d is used to determine a vector of the un-

known source strengths [m1, . . .,mN ]
T
=m. They are linked

with each other by a kernel matrix A:

Am≈ d, (1)

where an entry Amn of A gives the effect of an equivalent
source n on station m. How precisely the entries of A are
calculated depends on the chosen type of equivalent source,
and analytical solutions exist for “primitive” sources such as
magnetic monopoles and dipoles.

For this compilation, dipoles are selected as equivalent
sources since they better represent the physics of real magne-
tization compared to monopoles. The magnetic vector field
Bdipole from a dipole Qn at an observation point Pm is ex-
pressed as:

B(Pm)dipole =
χnV

4πa3
mn

[3(B(Qn)ext · âmn)âmn−B(Qn)ext] (2)

where âmn is a unit vector pointing from a source loca-
tion to an observation point and amn is the associated Eu-
clidean distance between the points. The source strengthsmn
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of the dipoles are the apparent susceptibilities in unit vol-
umes (χnV ). This implies that all magnetization is assumed
to be induced and thus aligned with the direction of the main
geomagnetic field (no remanence and no field components
orthogonal to the core field) and that the inducing main geo-
magnetic field Bext needs to be considered in the calculation.

Provided that the anomaly field is much smaller than the
main field, which is generally the case for magnetization con-
sidered in the crust, the total field anomalies ||B(Pm)dipole||,
which are our observables dm, can be approximated by pro-
jecting the vector field B(Pm)dipole onto the main field at the
observation points Pm:

||B(Pm)dipole|| ≈ B(Pm)dipole · B̂(Pm)ext (3)

with B̂ext being the unit vector of the main field.

In such a case, the components of the kernel matrix be-
come:

Amn =
1

4πa3
mn

[3(B(Qn)ext · âmn)âmn−B(Qn)ext]

· B̂(Pm)ext (4)

Since we have a large-scale almost continental-sized com-
pilation, it is important to consider the spherical shape of the
Earth in the model. Therefore, the locations of the sources
and stations are expressed here in a global spherical coor-
dinate system (r = radial,φr = longitude,θr = co− latitude)
with its origin at the midpoint of the Earth and a = r−s with
r and s being the vectors directed from the Earth’s center to
the observation Pm and source points Qn, respectively.

3.2 Arrangement of equivalent sources

The equivalent sources in our compilation are arranged in
several grid planes C(1), . . .,C(k) (typically we use K = 3).
Each of these grid planes consists of equally spaced dipoles
located on the same sphere of radius Rearth− z(k). This cor-
responds to a constant depth level z(k) at local scale, where
the spherical influence of the Earth can be neglected. In
the two directions along the surfaces of the spheres (here-
after referred to as “horizontal” directions for simplicity), the
dipole spacing should be almost equal (1x(k) ≈1y(k)) for
each plane. This is achieved by conducting the gridding in a
Lambert Azimuthal Equal Area Projection, which accurately
represents distances for regional to continental scale areas.

The first grid plane C(1) is located deepest and has widest
dipole spacing, while source locations become shallower
and more dense with increasing k. The inversion problem is
solved separately and consecutively for the different planes
starting with C(1). This means that first the source strengths
m(1) for the dipoles of C(1) are determined. Afterwards, the
calculated response dcalc(1) =Am(1) is subtracted from the
observed data d(1) = d:

dresd(1) = d(1)− dcalc(1)

and the residual vector is considered as the remaining (ob-
served) data vector, for which the source strengths are deter-
mined for the next grid plane C(2):

d(2) = dresd(1)

The procedure is repeated until the source strengths of the
dipoles from all grid planes are calculated (its implementa-
tion is sketched for three planes in Fig. 2). By summing up all
separately calculated data responses, the total data response
from the equivalent source model is obtained:

dcalc =

K∑
k=1

dcalc(k)

Since the inversion procedure is the same for all dipole
planes, we describe in the following the inversion imple-
mentation exemplary only for one plane. We simplify the
nomenclature and skip the index indicating the grid plane
by using d and m for d(k) and m(k) respectively, except for
cases where the grid plane information is explicitly needed.
Note that all other parameters such as, e.g., A, D, G, C, λ,
µ, z, 1x and 1y are also different for each individual plane.

3.3 Inversion setup

In our approach, the original data locations along the flight
lines are used such that the number of data points d are not
equal and may even largely differ from area to area. Accord-
ingly, the ES problem can be ill-posed and needs to be regu-
larized, resulting in an objective function 8 of the form:

8=8d+λ
28m = ||D(Am−d)||2+λ2

||Cm||2→min!, (5)

where D is the data weighting matrix, C is the constraint ma-
trix and λ is the regularization parameter balancing the data
term 8d and regularization term 8m against each other. As-
suming here that the errors of the data are uncorrelated, D
becomes a diagonal matrix:

D= diag
(

1
σm

)
with σm is the standard deviation of the error at the mth data
point.

The objective function of Eq. (5) has the least-mean square
solution:

m= (ATDTDA+ λ2CTC)−1ATDTDd. (6)

3.3.1 Regularization

Strong short-wavelength anomalies should not be created in
poorly covered areas, since they are not supported by the
data. We choose therefore with the smoothing constraint
a regularization that results in small-value long-wavelength
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Figure 2. The flowchart outlines the process that is applied to compile GREENMAG.

variations in areas that are not densely covered with data. In
the smoothing constraint, discrete first-order spatial deriva-
tives are approximated by minimizing the differences in the
source strengths of neighboring dipoles. This means that

mi,j −mi±1,j → 0 and mi,j −mi,j±1→ 0 (7)

where i and j are the indices of the dipole positions in the
two horizontal directions x and y of the grid. This results in
a constraint matrix C that is filled with 1 and −1 values at
locations associated with the differences and has zero values
otherwise.

3.3.2 Adapted smoothing

It is desirable that the influence of regularization should be
small in well-resolved parts of the model, but dominant in
poorly resolved parts. Although a conventional smoothing
constraint generally acts like this, it may be requested to fur-
ther strengthen this behavior.

We address this issue by adapting the regularization de-
pendent on how well each equivalent source n is covered
with data. To do this, we first determine the normalized data
coverage α for all sources n:

αn =

∑M
m=1|Gmn|

1
N

∑N
n=1

∑M
m=1|Gmn|

with

G= DA.

Then, factors µn are calculated that define how the data
coverage impacts the regularization:

µn =


1.0 , (α

?

αn
)β < 1.0

(α
?

an
)β ,µ? ≥ (α

?

αn
)β ≥ 1.0

µ? ,µ? < (α
?

αn
)β

(8)

Hereby, the impact of the coverage is controlled by the
two user-defined thresholds α? and µ? and by a parameter β
controlling how the strength of the weighting changes with a
changing coverage.

Finally, the constraint matrix C is adjusted by changing
the entries with the values 1 and −1 to

0.5 · (µn(i,j )+µn(i+1,j )) and − 0.5 · (µn(i,j )+µn(i+1,j ))
or 0.5 · (µn(i,j )+µn(i,j+1)) and − 0.5 · (µn(i,j )+µn(i,j+1)),

respectively, where each spatial location (i,j ) is associated
with a specific row n in C.

3.3.3 Correcting for constant shift bias

It is common that systematic long-wavelength mismatches
occur between overlapping magnetic airborne data sets. They
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are typically related to the limited size of these surveys and
can originate either from inconsistent removals of the core
field or from biases introduced during base station correction
or the application of leveling techniques.

The inversion setup is now modified to be able to automat-
ically correct for such mismatches in a first order by allowing
that the data responses of each survey can change by a con-
stant shift. The implementation of this approach is described
in Appendix A.

3.3.4 Considering changes of the main magnetic field
with time

The use of magnetic dipoles enables consideration of tempo-
ral variations in both the amplitude and direction of Earth’s
main magnetic field (see Eq. 2) and, hence, allows to reduce
inconsistencies between datasets that are caused by acquisi-
tion in different decades – an adjustment that is not feasible
when magnetic monopoles are used instead.

We implemented time-varying Earth’s main magnetic
fields in the inversion by taking the DGRF fields in five-year
intervals and choosing the DGRF field that is closest to the
acquisition date of a dataset for its main magnetic field at the
dipole locations B(Qn)ext. However, at the data points, we
used the main magnetic field B(Pm)ext at its actual acquisi-
tion date.

3.4 Simulating a magnetic field at an arbitrary height
level

After determining the equivalent sources in the inversion, the
ES distribution was used to simulate the magnetic anomaly
||B(P ?)||. Due to the validity of Laplace’s equation, the com-
plete magnetic field originating from the subsurface (under-
neath the ES layers) is represented by the fields from the
equivalent sources and simulations can be conducted at any
arbitrary location P ? of the source-free regions above the
Earth’s surface using Eqs. (1)–(4). This means that the result-
ing magnetic anomaly maps can be presented for different
height levels and grid spacings. Our presented final magnetic
maps are associated with a constant height and a uniform
grid, but it is also possible to present maps along undulat-
ing height surfaces or with flexible grid sizes. This flexible
choice makes it easily possible to e.g., integrate the magnetic
anomaly maps from ES models into the global compilations
EMAG2V3 and WDMAM by using their grid sizes and as-
sumed heights.

In practice, we first simulate the contributions of the dif-
ferent ES planes separately and add them together at a later
stage to obtain the resulting magnetic anomaly map (see
flowchart in Fig. 2). This has the advantage that different
wavelength content associated with the different grid planes
can be treated separately e.g., for filtering in postprocessing.

3.5 Spherical harmonic expansion

Because long-wavelength anomalies (' 300 km) in aeromag-
netic surveys are generally considered unreliable, it is com-
mon practice to replace these components in regional mag-
netic compilations with satellite-derived data (e.g., Gaina
et al., 2011; Nasuti and Olesen, 2014; Dilixiati et al., 2022).
Given the large spatial extent of GREENMAG compilation,
it is beneficial to do the replacement in a spherical domain as
it helps minimize distortions.

To achieve this, we use spherical surface harmonics that
are solutions to Laplace’s equation defined on the surface of
a sphere (Blakely, 1995). Dilixiati et al. (2022) describe an
efficient method to compute the spherical harmonic expan-
sion of a magnetic dipole’s field, which enables direct deter-
mination of the Gauss coefficients (i.e., the parameters of the
SH expansion) for an ES plane. We choose this approach be-
cause it allows the Gauss coefficients to be derived directly
from the regional model and thereby minimizing numerical
inaccuracies. Since each harmonic degree n corresponds to a
specific wavelength band, it makes it now possible to selec-
tively replace certain wavelength components by substitut-
ing the associated Gauss coefficients. The full methodology
is detailed described by Dilixiati et al. (2022), and its main
steps are provided in Appendix B.

Long wavelengths (> 300 km) can now be easily replaced
with satellite data in the SH expansion by exchanging the
Gauss coefficients of the ES model with those of the satellite
model in the wavelength range of n < 133. In addition, the
undesired remaining very long-wavelength components of
the magnetic core field can be removed by setting the Gauss
coefficients with very low degrees (n= 0–13) to zero.

As discussed later, the grid spacing and depth level of
the first ES plane C1 are selected so that it contains almost
all long-wavelength information from the airborne datasets.
Therefore, it is sufficient to make a SH expansion and replace
the Gauss coefficients only for the lower most plane C1, but
to use the conventionally simulated magnetic field contribu-
tions (see Sect. 3.4) from the remaining finer ES planes to
determine the final magnetic anomaly map (the implementa-
tion is shown in the flowchart in Fig. 2).

4 Data preparation and parameter settings

4.1 Data preparation

Processed airborne magnetic data (with, e.g., base station
correction, removal of the geomagnetic field, leveling, noise
filtering) were used as input in the ES modeling. Since the
quality of the original datasets was highly variable and not
always had an acceptable level for the ES modeling, repro-
cessing was, however, required for some of them:

– For most datasets, the IGRF (International Geomagnetic
Reference Field) model was originally used to remove
the geomagnetic field. This was replaced with correc-
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tions with the more precise DGRF (Definite Geomag-
netic Reference Field) model.

– Some of the systematic surveyed datasets contained arti-
facts in line directions, and these were reprocessed with
leveling and/or micro-leveling procedures.

– Since flight heights are used in the ES modeling, this
information also needed to be adapted. This means that
for uniform datasets the height channel was leveled such
that processed altitudes describe smooth surfaces that
are in a better agreement with leveled magnetic data.

After reprocessing, the data from all datasets were ar-
ranged in a spreadsheet based database from the software
Oasis Montaj (Fig. 2). The database contains for each data
point information on the magnetic anomaly, data error, XYZ
position, acquisition date, components of the DGRF geomag-
netic field, and an index defining the dataset.

4.2 Parameter settings in the equivalent source
modeling

4.2.1 Grid spacing and depths of equivalent sources

The used grid spacings of the three ES planes are 10, 2.5 and
0.7 km, and the planes are located at depths of 40, 10 and
2.5 km, respectively. The grid spacings are chosen so that
general trends are represented by the coarsest grid, but de-
tailed features in a range of ≈ 2 km can be resolved from
the finest grid. The depths of the planes are chosen to be
four times larger than the grid spacings to ensure that the
specific dipole character of individual sources becomes suf-
ficiently flat at the simulated altitudes, so that artificial pat-
terns from their source characteristics are minor (and can be
easily removed by some low-pass filtering; see Sect. 4.4).
Greater depths also inherently stabilize the inversion prob-
lems, so less regularization is required. However, the spatial
resolution in the simulated magnetic field decreases with in-
creasing depths, so our parameters represent a compromise
between quality and amount of presented details.

4.2.2 Regularization

Inversion problems become less stable with finer grid spac-
ings of the equivalent sources. Therefore, the selected
strengths of the regularization increase from the coarse to
the finest ES plane and are chosen to be sufficiently large
that no artifacts are generated in areas with little data cov-
erage, but at the same time real anomalies are not signif-
icantly smoothed out in well-covered areas. After testing
different combinations of parameters, we get adequate re-
sults, when we used regularization strengths of λ(1) = 0.003,
λ(2) = 0.009 and λ(3) = 0.03 and adaptive smoothing param-
eters (see Eq. 8) as given in Table 2.

Note that a higher α? value for the finest ES plane results
in a particularly high smoothing for areas that are sparsely

Table 2. The parameters of the adaptive smoothing for used the
different equivalent source planes.

1st plane 2nd plane 3rd plane

λ 0.005 0.08 1.0
α? 0.003 0.009 0.03
µ? 18 18 18
β 0.7 0.7 0.7

covered with data. This means that the responses from the
finest grid become flat in areas that have some distance to the
next flight line.

4.2.3 Assumed data uncertainties

The assumed data uncertainties range between 5 nT for uni-
form high-quality datasets (e.g., AEROMAG, AEM) and
50 nT for datasets with poor quality and sparser data (e.g.,
GAP91/92, GICAS, EASTMAR, NOO-73). Because the
data uncertainties represent the data weights in the inversion,
it is possible to govern the impact of individual datasets onto
the inversion results (e.g., data of flight lines are down-scaled
in areas with little data coverage to avoid generation of elon-
gated anomalies that are oriented along flight line directions).
Used estimates for the data uncertainties in the southwestern
area are shown as an example in Fig. 3.

4.2.4 Corrections of constant shift bias

Each of the 50 aeromagnetic datasets was corrected for a sep-
arate constant shift during the inversion of the ES modeling.
This approach allowed for the removal of systematic discrep-
ancies in data levels between different surveys.

A special treatment was required for the GAP91/92 survey.
It consists of a coarse pattern of lines, where individual lines
are generally not well leveled. Because of that, many of its
lines exhibit systematic biases relative to data from other sur-
veys, with variations occurring from line to line. To address
these inconsistencies, we applied individual shift corrections
to each line within the GAP91/92 dataset.

In the same way, also a few of the ICEBRIDGE lines show
such systematic bias relative to other surveys, and individual
shift corrections are also applied to these lines.

4.2.5 Simulation of the magnetic anomaly

The magnetic anomaly is simulated in a uniform grid with
400 m spacing at a constant height of 2000 m a.s.l. (WGS84).

The spacing of the simulated grid was chosen to be slightly
finer than that of the finest ES grid, ensuring that it is suffi-
ciently detailed to allow the effective application of a low-
pass filter during post-processing to remove residual dipole
characteristics (see Sect. 4.4).
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Figure 3. Used data uncertainty estimates at the southwestern block (same area is shown as in Fig. 5).

A constant height is used to present observed anoma-
lies consistently for the complete magnetic compilation. The
height is, moreover, chosen rather low to minimize resolution
losses due to larger distances from the sources.

Note that a few mountain peaks have slightly higher ele-
vations than 2000 m in Greenland, so that the assumption for
the Laplace’s equation is here not valid in a strict sense. How-
ever, in practice, the equivalent sources of the finest plane are
located in a depth of 2 km such that short wavelengths typi-
cally associated with magnetization along the surface can not
be fitted in the inversion. Accordingly, the equivalent sources
mainly contain information from larger depths, and a simu-
lation to a shallow height level is not critical.

4.3 Setup to handle large data sets

A main issue of ES modeling for large-scale compilation is
that the matrix A is very large and requires some kind of
treatment so that sufficient memory is available on a conven-
tional PC, and, at the same time, allowing the calculations
to be performed sufficiently quickly. Therefore, we choose a
strategy where the computation time and required memory
are kept acceptably low:

– First, data were resampled at 1 km data spacing in flight
line direction, before using them as input in the ES mod-
eling (Fig. 2). In this way, the number of data points
used in the ES modeling could be significantly reduced
(from≈ 138 M to≈ 1.8 M) without losing resolution in
the ES modeling, since the new data sampling is in the

range of the grid spacing (700 m) and depth (2.5 km) of
the finest ES plane.

– Second, we do not use the full dense matrices A, but
sparse matrix versions, and we solve the linear system
with a LSQR sparse matrix solver (Paige and Saunders,
1982). Only sensitivities Amn are considered for which

amn < Fdist1x(k)

with amn are the Euclidean distances between the
dipoles and observation points and 1x(k) is the grid
spacing. The factor Fdist is chosen to be so large (at
least > 30) that the inaccuracies of the approximation
are very small.

– Third, we divide the whole Greenland area into several
overlapping blocks (9 blocks) and perform the equiva-
lent source modeling separately in each block. Hereby,
sizes of the blocks range from 0.5 to 1.5 M km2 and
the overlaps of neighboring blocks range from 120
to 230 km. This significantly reduces the number of
dipoles and data points used in each inversion and,
hence, also the overall computational time. So, the com-
putation of ES modeling and following-up simulation
takes about one day for an average sized block with a PC
having a CPU with 32 processing cores and 4 GHz clock
speed per core, but it would take more than a month to
run the whole Greenland area with the same parameters
using the same computer resources.
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After simulating the magnetic anomalies and integrating
the long wavelengths from the satellite data, the mag-
netic anomaly maps of the individual blocks are merged
into the final Greenland compilation by using the grid
knit tool in Oasis Montaj (see flowchart in Fig. 2).

4.4 Post-processing

After equivalent source modeling, low-pass filters with cut-
off wavelengths of 20, 5, and 1.5 km are applied to the grid of
the simulated magnetic anomaly components of the coarse,
medium, and fine ES plane, respectively (Fig. 2). These fil-
ters remove some very small remaining artificial patterns as-
sociated with the dipole characteristics. (Note that the cutoff
wavelengths of these Fourier-based filters are very short and
accordingly do not have any measurable distortions due to
the spherical shape of the Earth.)

Then, the grids of the simulated magnetic anomaly com-
ponents from the three ES planes are summed to obtain the
final total magnetic anomaly. In a final step, the total mag-
netic anomaly grids of the different blocks are merged to the
final compilation by using the grid knitting method in the
software Oasis Montaj and areas with very low data cover-
age are cut out. It turns out that it is totally unproblematic to
combine the different blocks with grid stitching at this late
stage, because overlapping parts are very similar since the
same data and the same methodology are used to produce
the magnetic anomalies of the different blocks. In particular,
the long-wavelength components are almost identical by us-
ing our precise SH approach to incorporate the satellite data.

5 Presentation of the magnetic anomaly compilation
and evaluation of its quality

The final magnetic anomaly compilation of Greenland is pre-
sented in Fig. 4. Depending on the data coverage, differ-
ent amounts of details are shown in the map. So, in large
parts of the central and northern inland ice region, only long-
wavelengths anomalies are visible due to the low data cov-
erage (Fig. 1), but in most other regions more detailed short-
wavelengths features are present. Particularly detailed infor-
mation (wavelengths down to ≈ 2 km) is given in areas that
are covered with the high-resolution AEROMAG datasets at
the ice-free coastal areas of western, southern, and southeast-
ern Greenland.

5.1 Data uncertainties and data fits

When inversions without constant shift corrections are per-
formed, several datasets are not well-fitted and biased
data are responsible for artifacts in the resulting magnetic
anomaly maps. This is illustrated in Fig. D1 for the South-
western block. Here, it seems that in particular the lines of the
GAP91/92 have systematically too large values, which could
originate from an inadequate removal of the core field or a

lack of base station corrections. This results in both positive
data misfits dcalc− dobs for these lines and the appearance of
elongated artifacts in the magnetic anomaly map along some
of these lines.

If the constant shift correction is now active in the in-
version, most systematic data misfits along the lines are re-
moved, and no obvious artifacts are observed any longer
(Fig. 5). This example demonstrates the importance of cor-
recting for shifts between datasets in the ES approach.

RMS data misfits for the final inversions with active shift
corrections range between 21 and 73 nT for the different
blocks, and error distributions for all blocks are symmetri-
cal and centered at zero (Fig. 5). The data misfits are rel-
atively high as very short wavelength variations from the
near-surface in the high-resolution datasets (e.g., AERO-
MAG, AEM) cannot be fitted by equivalent sources located
at depths of at least 2 km and having spacings of at least
700 m. Finer spacings of the equivalent sources are not used
because of the increase in required memory and computation
times. Furthermore, it becomes more demanding to keep the
inversion stable in regions that have low data coverage if the
ES spacing is made even finer.

In offshore regions, where magnetic stripping patterns are
present, it can be assumed that remanent magnetization dom-
inates and that polarity reversals of the Earth magnetic field
during the time of rock formation are responsible for the
changes in the remanent magnetization and hence observed
magnetic anomalies. It is noteworthy that the data are gen-
erally good fitted in these regions, even though our equiv-
alent source model assumes that all magnetization is solely
induced (see Eq. 2). This suggests that our ES model pro-
vides reliably results even in regions that are dominated by
remanent magnetization.

5.2 Compilation with and without using the finest
equivalent source plane

Instead of the anomaly map presented in Fig. 4, where reso-
lution is heavily dependent on the varying data coverage, one
might prefer a map with a more uniform resolution. In this
case, an option is to omit the responses simulated from the
finest ES plane and present only the responses of the medium
and coarse ES planes (see Fig. 6 as an example from South
Greenland and Fig. C1).

Since the ES modeling of the finest plane is most sensi-
tive to outliers in the data, the version from the medium and
coarse ES planes also turned out to be numerically more ro-
bust against potential artifacts.

5.3 Replacement with satellite data

Figure 7 shows for the most southern block how the long-
wavelength components (n= 13–133) from the aeromag-
netic data are replaced by data from the LCS-1 satellite
model. It can be seen by comparing Fig. 7c and d that the
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Figure 4. The final magnetic anomaly compilation GREENMAG.

overall long-wavelength trend is significantly modified but
that shorter-wavelength anomalies remain unchanged.

Since the long-wavelength contributions of the neighbor-
ing blocks become very consistent by replacement with satel-
lite data, it is unproblematic to merge the different overlap-
ping blocks together with grid stitching.

Although the replacement of long-wavelength components
is straightforward, it is important to note that our approach
does not account for potential inaccuracies in the satellite
data itself. This means that it is assumed that satellite data
are not significantly affected by errors in the long-wavelength
range (n < 133). However, this assumption may not always
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Figure 5. (a) Magnetic anomaly from the ES modeling for the southwestern block. (b) Data misfit between the observed and calculated data.
The histogram in the upper corner presents the distribution of errors.

hold true – particularly at high latitudes, where external mag-
netic signals from persistent polar ionospheric current sys-
tems introduce elevated noise levels, and as a result, the res-
olution of small-scale lithospheric magnetic features in these
regions can be degraded (Lesur and Maus, 2006). Therefore,
we plan to modify the approach in the future so that it can ac-
count for inaccuracies for both the aeromagnetic and satellite
data.

5.4 Comparison with the CAMP-M compilation

CAMP-M published in 2011 is the most recent magnetic
compilation that covers all of Greenland (see Fig. E1). There-
fore, it is natural to compare it with our new GREENMAG
map. For completeness, we, moreover, present the magnetic
anomaly map of the GAMMA-5 compilation (Verhoef et al.,
1996) in Fig. F1.
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Figure 6. (a) shows the magnetic anomaly data, where the equivalent sources from all planes are used in the simulation, but (b) shows the
magnetic anomaly, which is only based on the coarse and the medium ES plane. Note that both simulated data responses are similar in areas
with lower data coverage (see data points in c), but areas covered by the high-resolution AEROMAG surveys show more details, when all
ES planes are considered.
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Figure 7. (a) and (b) show the long-wavelength components from the aeromagnetic data and the LCS-1 satellite model (degree of Gauss
coefficients n= 13–133), respectively. Hereby, the long-wavelength components in (a) are determined directly from the dipole sources of the
coarsest ES plane using the method of Dilixiati et al. (2022). (c) and (d) show the simulated magnetic anomaly data of the coarsest ES plane
before and after these long wavelengths of the satellite model are replaced.

Across the central to northern inland ice area (30–50° W
and 70–77° N) characterized by low data coverage, it seems
that the CAMP-M compilation generally shows some more
details than the GREENMAG compilation (compare Figs. 4
and E1). This region is almost only covered by the sparse
data from the GAP91/92 project (Fig. 1) that were used in
both compilations, such that data availability is similar in
both compilations, and the adapted smoothing regularization
in the ES modeling of the GREENMAG compilation may re-
duce here the short-wavelengths content of some anomalies.
On the other hand, the question arises if all the presented de-
tails in the CAMP-M are here really supported by the sparse
data or if they are mainly the product of interpolation of data
information along the lines into areas uncovered by data.

In all other regions, which are more densely covered with
data, the GREENMAG compilation exhibits at least similar
and in many places more details than the CAMP-M compi-
lation. Figures 8 and 9 present two examples from northwest
and southeast Greenland, where the new magnetic anomaly
compilation provides much more details than the CAMP-M
compilation.

In the northwestern area (Fig. 8) many elongated trends
under the inland ice become present in the new compilation

that are not resolved in the CAMP-M compilation (see e.g.,
A in Fig. 8). In addition, the shape of anomaly B is better
defined in the new compilation, but anomaly C is not ob-
served. The main reason for resolving here more details is
that many of the datasets (ICEBRIDGE, TGS-NOPEC, AEM
and Melville Bugt surveys) are not used in the CAMP-M
compilation (see blue lines in Fig. 8c). This example demon-
strates that more magnetic data in the inland ice region have
the potential to much improve interpretations of subglacial
geology.

In the south-eastern area (Fig. 9), the parts covered by
the high-resolution AEROMAG datasets are much better re-
solved in the new compilation, since these datasets are not
used in the CAMP-M compilation. But also in the remain-
ing parts, the amount of presented details is higher in the
GREENMAG compilations, since data from other datasets
(ICEBRIDGE, TGS-NOPEC) are only used in this new com-
pilation. In this area, several narrow elongated anomalies are
visible in the new compilation (see I and III in Fig. 9a),
which are not resolved in the CAMP-M compilation. The
SSW-NNE subparallel trending positive anomalies I can be
followed in the GREENMAG compilation over several hun-
dreds of kilometers and are described as dykes of presum-
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Figure 8. The magnetic anomaly of (a) the new GREENMAG compilation and (b) the CAMP-M compilation (Gaina et al., 2011) are shown
for the northwestern part of Greenland (illumination for shading from NE). (c) Only data shown in red are used for the CAMP-M compilation,
but both red and blue colored data points are used in the new compilation.

ably Paleogene age (Riisager and Rasmussen, 2014; Heincke
and Møller Stensgaard, 2017). The E–W trending magnetic
low III is located immediately north of an igneous complex
(Ammassalik Intrusive Complex) and is interpreted as the
magnetic expression of a regional Proterozoic suture zone
(of the Nagssugtoqidian Orogen) (Drenth et al., 2023). In
the northeast part of Fig. 9, moreover, a pattern of several
rounded anomalies (II) is resolved in much more detail in the
GREENMAG compilation. The locations and shapes of these
anomalies coincide well with mapped Proterozoic intrusions
and a batholith in the northern and southern part, respectively
(Kolb, 2014; Drenth et al., 2023).

6 Data availability

The magnetic anomaly maps of Greenland (GREENMAG)
can be downloaded from the GEUS DataVerse web-
site https://doi.org/10.22008/FK2/LQN5YJ (Heincke and
Szwillus, 2025). Two types of maps are available. One is

based on the ES of all three planes, but the other is based only
on the ES of the first and second planes. This means that the
first map shows more details in areas with a large data cov-
erage. The maps are given as grids with an UTM zone 24
complex projection and a WGS84 datum (ESRI: 102574).

7 Conclusions

We present a new magnetic anomaly map for Greenland
that is based on equivalent source modeling combined with
spherical harmonic expansion. Our approach allows to con-
sistently combine magnetic datasets with very different ac-
quisition parameters and data quality in a way that the final
magnetic compilation presents anomalies with a flexible and
properly adapted resolution. It is, moreover, possible to sep-
arate the short, medium and long wavelengths contributions
from each other by using three grid planes with largely differ-
ent spacings (10, 2 and 0.7 km) and depth levels (40, 10 and
2.5 km) of the equivalent sources. Finally, it is straightfor-
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Figure 9. The magnetic anomaly data of (a) the new GREENMAG compilation and (b) the CAMP-M compilation (Gaina et al., 2011) are
shown for the southeastern part of Greenland (illumination for shading from NE). (c) Only data shown in red are used for the CAMP-M
compilation, but both red and blue colored data points are used in the new compilation.

ward to precisely incorporate long-wavelength information
from satellite data by determining the Gauss coefficients as-
sociated with the aeromagnetic data directly from the equiv-
alent sources and replacing high degrees (n= 13–133) with
those from the satellites.

We show that the new magnetic anomaly map has in many
areas of Greenland a significantly higher resolution than the
former CAMP-M compilation and many features become
visible in the new compilations not observed in these for-
mer compilations. The reasons for this are the availability of
new datasets not used in the former compilation, but also the
way the data are combined in the ES modeling (i.e. use of the
actual point data).

The new GREENMAG magnetic anomaly map is ex-
pected to refine future interpretations of the regional Green-
land geology both under ice cover as e.g., for estimation of
the ice sheet basal conditions and heat flow, and the shelf re-
gions, as e.g., for the breakup history and reconstruction of
the plate tectonic movements. So, an earlier version of this

compilation was already used as input of a joint inversion
with gravity data to resolve the lithospheric structures under
the inland ice of South Greenland (Wansing, 2024).

In the future, we intend to extend the established database
with newly available magnetic datasets in Greenland. When
sufficient new data are available, we will re-run the ES
modeling to make an update of the GREENMAG magnetic
anomaly map.

Appendix A: Implementation of the constant shift
correction in the inversion

In the following, it is described how constant shift correc-
tions are implemented in the inversion scheme. Assuming
that we have V different surveys with M (1),M (2), . . .,M (V )

data points (with M =M (1)
+M (2)

+ . . .+M (V )), then the
data term 8d of the objective function in Eq. (5) changes to:

8d = ||D(Am+ d̃ − d)||2
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where

d̃ = [d̃(1), . . ., d̃(1)︸ ︷︷ ︸
M (1)elements

, d̃(2), . . ., d̃(2)︸ ︷︷ ︸
M (2)elements

, . . ., d̃(V ), . . ., d̃(V )︸ ︷︷ ︸
M (V )elements

]
T

is a vector that contains the constant shifts d̃(1), d̃(2), . . ., d̃(V )

for the different surveys. These shifts can be associated with
V additional model parameters [m̃(1), m̃(2), . . ., m̃(V )

]
T
= m̃

with:

d̃(v)
= w̃Ã(v)m̃(v) for all v = 1, . . .,V . (A1)

The constant w̃ is set by the user to define the overall ef-
fect of the shifts in the inversion, but constants Ã(v) are used
for normalization, so that the shifts are balanced relative to
the mean sensitivity of a data point belonging to the corre-
sponding survey:

Ã(v)
=

1
M (v)

∑
m∈M (v)

N∑
n=1
|Amn|

Then, the kernel matrix and the model vector can be mod-
ified as follow:

Ashift =



w̃Ã(1) 0 . . . . . . 0
...

...
...

w̃Ã(1) 0 . . . . . . 0
0 w̃Ã(2) 0 . . . 0

A
...

...
...

0 w̃Ã(2) 0 . . . 0
...

. . .

0 0 w̃Ã(v)

...
...

...

0 0 w̃Ã(v)


and

mshift = [m1, . . .,mN , m̃
(1), . . ., m̃(V )

]
T .

If in addition the constraint matrix C is changed to Cshift
by padding V rows with 0-values, Eq. (6) becomes:

mshift = (ATshiftD
TDAshift+ λ

2CTshiftCshift)−1ATshiftD
TDd.

(A2)

In this setup relative constant shifts between surveys are
now assigned to the model variables m̃(1),. . ., m̃(P ), and cal-
culated data are obtained by

dcalc = Ashiftmshift.

A remaining problem is that there is an ambiguity in the
combination of shifts solving the least square problem. Since
the overall (data) shifts should be minimal, we remove this

ambiguity by adding the following constraint to the objective
function:

8m,shift = λ
2
shift||R(m̃− m̃ref)||2→min!, (A3)

where R is a (V ×V ) diagonal matrix

Rvv =
λ̃

(v)
norm

λ̃norm

with

λ̃(v)
norm =

1
N

N∑
n=1

∑
m∈M (v)

|(Amn|

and

λ̃norm =
1
N

N∑
n=1

M∑
m=1
|(Amn|.

The Rvv have the intention to properly balance all individ-
ual data sets having very different amount of data points and,
hence, also overall sensitivities.

A component in the reference vector m̃(v)
ref is defined by the

associated wished data shift d̃(v)
ref (see Eq. A1). For the first

grid layer, it is obvious that all d̃(v)
ref(1)→ 0 such that

m̃ref(1) = 0.

In the Kth grid layer, for all separate shifts d̃(v)
ref(K)→∑K−1

k=1 − d̃
(v)
(k) since the overall data shifts should be con-

strained toward zero (i.e., d̃(v)
(1) + . . .+ d̃

(v)
(K)→ 0). Using

Eq. (A1), this results in:

m̃
(v)
ref(K) =

∑K−1
k=1 − w̃(k)Ã

(v)
(k)m̃

(v)
(k)

w̃(K)Ã
(v)
(K)

for all v = 1, . . .,V

When 8m,shift (Eq. A3) is added to the objective function,
the modified linear solution from Eq. (A2) is:

mshift = (ATshiftD
TDAshift+ λ

2CTshiftCshift

+ λ2
shiftR

T
shiftRshift)−1ATshiftD

TDd

+ λ2
shiftR

T
shiftRshiftmshift,ref (A4)

with

Rshift =

 0 . . . 0
...

... R
0 . . . 0


having 0-values in the first N columns, and

mshift,ref = [0, . . .,0, m̃
(1)
ref, . . ., m̃

(V )
ref ]

T .
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Appendix B: Spherical harmonic expansion for an
equivalent source plane

Spherical surface harmonics are functions that are defined
on spheres and are, furthermore, solutions of Laplace’s equa-
tion. Accordingly, the potential� (withB =−∇�) at the lo-
cations P ? having the spherical coordinates (r?,φ?r ,θ

?
r ) can

be expressed by a series of spherical surface harmonics as:

�(r?,φ?r ,θ
?
r )= rs

∞∑
n=0

( rs
r?

)n+1 n∑
m=0

(gmn cosmφ?r

+hmn sinmφ?r )Pmn (cosθ?r ) (B1)

as long as all magnetic sources are located on or below rs
and r? > rs. Here, n and m are the degree and order of the
spherical surface harmonics, respectively, Pmn (cosθ ) are the
associated Schmidt quasi-normalized Legendre polynomials,
and (gmn ,h

m
n ) are the Gauss coefficients to weight the individ-

ual spherical surface harmonics in the expansion.
By determining the gradient of Eq. (B1), the components

of the associated B-field can be written as a series of SHs:

Br? =

∞∑
n=0

( rs
r?

)n+2 n∑
m=0

(n+ 1)(gmn cosmφ?r

+hmn sinmφ?r )Pmn (cosθ?r )

Bφ?r =

∞∑
n=0

( rs
r?

)n+2 n∑
m=0

m(gmn sinmφ?r

−hmn cosmφ?r )
[

1
sinθ?r

Pmn (cosθ?r )
]

Bθ?r =−

∞∑
n=0

( rs
r?

)n+2 n∑
m=0

(gmn cosmφ?r

+hmn sinmφ?r )
[
∂Pmn (cosθ?r )

∂θ

]
(B2)

Dilixiati et al. (2022) have shown in their paper that the
contributions of an individual magnetic dipole to the Gauss
coefficients (and hence to a magnetic field) can be directly
determined and are given as:

gmn,s =
χV

4πrs3

(
nBrs cosmφsP

m
n (cosθs)

−
mBφs

sinθs
sinmφsP

m
n (cosθs)

+Bθs cosmφs
∂Pmn (cosθs)

∂θ

)
(B3)

hmn,s =
χV

4πrs3

(
nBrs sinmφsP

m
n (cosθs)

+
mBφs

sinθs
cosmφsP

m
n (cosθs)

+Bθs sinmφs
∂Pmn (cosθs)

∂θ

)
, (B4)

where (rs,φs,θs) are the locations of the dipoles Q in spher-
ical coordinates. Summing up the contributions from all
dipoles results in total Gauss coefficients:

gmn =
∑
s∈N

gmn,s

hmn =
∑
s∈N

hmn,s

that can be used to calculate the B-field of an ES plane by
using Eq. (B2).
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Appendix C: Magnetic anomaly obtained from the
coarse and medium plane

Figure C1. The magnetic anomaly map of the GREENMAG compilation, when only the equivalent sources of the coarse and medium plane
are used for simulation.
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Appendix D: Inversion results without constant shift
correction

Figure D1. The same images as in Fig. 5, but here no constant shift corrections were applied in the inversion. (a) shows the magnetic anomaly
from the ES modeling for the southwestern block and (b) shows data misfit between the observed and calculated data. The histogram in the
upper corner presents the distribution of errors.
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Appendix E: CAMP-M compilation

Figure E1. Magnetic anomaly maps from (a) GREENMAG and (b) Circum-Arctic Mapping Project (CAMP-M) (Gaina et al., 2011). (c)
The difference of both maps.
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Appendix F: GAMMA-5 compilation

Figure F1. Magnetic anomaly maps from (a) GREENMAG and (b) GAMMA-5 (Verhoef et al., 1996). (c) The difference of both maps.

Author contributions. Author contribution is captured following
the CRediT system. Conceptualization by BHH, JE, WS. Data cu-
ration by BHH, JF, AW. Formal analysis by BHH, JF, WS. Funding
acquisition by JE, BHH. Methodology by BHH, WS, YD, JE. Re-
sources by AR, CG, BHH. Software by WS, BHH. Supervision by
JE. Validation BHH, WS, JF. Visualization by BHH. BHH prepared
the original draft and all co-authors (AR, AW, JE, YD, CG, JF, WS)
revised and edited the manuscript.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. We thank reviewers Rick Saltus and Thork-
ild Maack Rasmussen and editor Robert Jackisch for their construc-
tive feedback and to address key questions that clearly improved the
clarity and overall quality of this manuscript. We thank Arne Døss-
ing (DTU Space) and John R. Hopper (GEUS) for helping us to find
datasets that we could not find in the GEUS data archive. The stu-
dents Ines Budde and Rebecca Horstmann from the University in
Kiel helped us with building the Oasis Montaj database and filling
it with data. Many organizations and companies acquired datasets
and first the access to these data has made it possible to create this
new magnetic map.

Financial support. This research has been supported by
the European Space Agency (ESA 3D Earth: ESA Con-
tract 4000118332/16/NL/SW), the Greenlandic Ministry of
Business, Trade, Mineral Resources, Justice and Gender Equality,
and the Deutsche Forschungsgemeinschaft (grant no. 675325).

Review statement. This paper was edited by Robert Jackisch and
reviewed by Rick Saltus and Thorkild Maack Rasmussen.

https://doi.org/10.5194/essd-18-1943-2026 Earth Syst. Sci. Data, 18, 1943–1967, 2026



1966 B. H. Heincke et al.: Magnetic compilation from Greenland

References

Berger, D. and Jokat, W.: A seismic study along the East Green-
land margin from 72° N to 77° N, Geophys. J. Int., 174, 733–748,
https://doi.org/10.1111/j.1365-246X.2008.03794.x, 2008.

Blakely, R. J.: Potential Theory on Gravity and Mag-
netic Applications, Cambridge University Press,
https://doi.org/10.1017/CBO9780511549816, 1995.

Brethes, A., Guarnieri, P., Rasmussen, T. M., and Bauer,
T. E.: Interpretation of aeromagnetic data in the Jame-
son Land Basin, central East Greenland: Structures and re-
lated mineralized systems, Tectonophysics, 724–725, 116–136,
https://doi.org/10.1016/j.tecto.2018.01.008, 2018.

Brozena, J. M.: The Greenland Aerogeophysics Project: Air-
borne Gravity, Topographic and Magnetic Mapping of an En-
tire Continent, in: From Mars to Greenland: Charting Grav-
ity With Space and Airborne Instruments, edited by: Colombo,
O. L., vol. 110, International Association of Geodesy Symposia,
Springer-Verlag, 203–214, https://doi.org/10.1007/978-1-4613-
9255-2_19, 1992.

Christiansen, F. G.: Greenland petroleum exploration history: Rise
and fall, learnings, and future perspectives, Resour. Policy, 74,
102425, https://doi.org/10.1016/j.resourpol.2021.102425, 2021.

Damaske, D. and Estrada, S.: Correlation of aeromagnetic
signatures and volcanic rocks over Northern Green-
land and adjacent Lincon Sea, in: Proceedings of the
Fourth International Conference on Arctic Margins,
224–232, https://www.diva-portal.org/smash/get/diva2:
207900/FULLTEXT01.pdfVictor#page=234 (last access:
5 March 2026), 2003.

Damaske, D. and Oakey, G. N.: Volcanogenic Sandstones as Aero-
magnetic Markers on Judge Daly Promontory and in Robeson
Channel, Northern Nares Strait, Polarforschung, 74, 9–19, 2006.

Dampney, C. N. G.: The equivalent source technique, Geophysics,
34, 38–53, https://doi.org/10.1190/1.1439996, 1969.

Dilixiati, Y., Baykiev, E., and Ebbing, J.: Spectral consistency of
satellite and airborne data: Application of an equivalent dipole
layer for combining satellite and aeromagnetic data sets, Geo-
physics, 87, G71–G81, https://doi.org/10.1190/geo2020-0861.1,
2022.

Drenth, B. J., Heincke, B. H., and Kokfelt, T. F.: Aero-
magnetic expression of the central Nagssugtoqidian Oro-
gen, South-East Greenland, Precambrian Res., 391, 107060,
https://doi.org/10.1016/j.precamres.2023.107060, 2023.

Døssing, A., Hopper, J. R., Olesen, A. V., Rasmussen, T. M., and
Halpenny, J.: New aero-gravity results from the Arctic Ocean:
Linking the latest Cretaceous-early Cenozoic plate kinematics of
the North Atlantic and Arctic Ocean, Geochem. Geophy. Geosy.,
14, 4044–4065, https://doi.org/10.1002/ggge.20253, 2013.

Gaina, C., Werner, S. C., Saltus, R., Maus, S., and CAMP-
GM GROUP: Chapter 3 Circum-Arctic mapping project:
new magnetic and gravity anomaly maps of the Arc-
tic, Geological Society, London, Memoirs, 35, 39–48,
https://doi.org/10.1144/M35.3, 2011.

Geissler, W. H., Gaina, C., Hopper, J. R., Funck, T., Blischke, A.,
Arting, U., Horn, J. A., Peron-Pinvidic, G., and Abdelmalak,
M. M.: Seismic volcanostratigraphy of the NE Greenland con-
tinental margin, in: The NE Atlantic Region, edited by: Peron-
Pinvidic, G., Hopper, J. R., Stoker, M., Gaina, C., Doornenbal,

J. C., Funck, T., and Arting, U. E., vol. 447, Geological Soci-
ety – Special Publication, 149–170, ISBN 978-1-78620-278-9,
2017.

Golynsky, A. V., Ferraccioli, F., Hong, J. K., Golynsky, D. A.,
von Frese, R. R. B., Young, D. A., Blankenship, D. D., Holt,
J. W., Ivanov, S. V., Kiselev, A. V., Masolov, V. N., Eagles,
G., Gohl, K., Jokat, W., Damaske, D., Finn, C., Aitken, A.,
Bell, R. E., Armadillo, E., Jordan, T. A., Greenbaum, J. S.,
Bozzo, E., Caneva, G., Forsberg, R., Ghidella, M., Galindo-
Zaldivar, J., Bohoyo, F., Martos, Y. M., Nogi, Y., Quartini,
E., Kim, H. R., and Roberts, J. L.: New Magnetic Anomaly
Map of the Antarctic, Geophys. Res. Lett., 45, 6437–6449,
https://doi.org/10.1029/2018GL078153, 2018.

Heincke, B. H. and Møller Stensgaard, B.: Prospectivity mapping
for orogenic gold in South-East Greenland, GEUS Bulletin, 38,
41–44, https://doi.org/10.34194/geusb.v38.4405, 2017.

Heincke, B. H. and Szwillus, W.: GREENMAG – Magnetic
anomaly map of Greenland, GEUS DataVerse [data set],
https://doi.org/10.22008/FK2/LQN5YJ, 2025.

Kolb, J.: Structure of the Palaeoproterozoic Nagssugto-
qidian orogen, South-East Greenland: model for the
tectonic evolution, Precambrian Res., 255, 809–822,
https://doi.org/10.1016/j.precamres.2013.12.015, 2014.

Kolster, M. E., Døssing, A., and Khan, S. A.: Satellite
magnetics suggest a complex geothermal heat flux pat-
tern beneath the Greenland Ice Sheet, Remote Sens., 15,
https://doi.org/10.3390/rs15051379, 2023.

Larsen, H. and Thorning, L.: Project EASTMAR: acquisition
of high sensitivity aeromagnetic data off East Greenland,
Rapport Grønlands Geologiske Undersøgelse, 100, 91–94,
https://doi.org/10.34194/rapggu.v100.7707, 1980.

Lesur, V. and Maus, S.: A global lithospheric magnetic field model
with reduced noise level in the Polar Regions, Geophys. Res.
Lett., 33, L13304, https://doi.org/10.1029/2006GL025826, 2006.

Lesur, V., Hamoudi, M., Choi, Y., Dyment, J., and Thébault,
E.: Building the second version of the World Digital Mag-
netic Anomaly Map (WDMAM), Earth Planets Space, 68, 1–13,
https://doi.org/10.1186/s40623-016-0404-6, 2016.

Li, Y. and Oldenburg, D. W.: Rapid construction of equiv-
alent sources using wavelets, Geophysics, 75, L51–L59,
https://doi.org/10.1190/1.3378764, 2010.

MacGregor, J. A., Colgan, W. T., Paxman, G. J. G., Tinto, K. J.,
Csathó, B., Darbyshire, F. A., Fahnestock, M. A., Kokfelt, T. F.,
MacKie, E. J., Morlighem, M., and Sergienko, O. V.: Geo-
logic Provinces Beneath the Greenland Ice Sheet Constrained
by Geophysical Data Synthesis, Geophys. Res. Lett., 51, 1–11,
https://doi.org/10.1029/2023GL107357, 2024.

Martos, Y. M., Jordan, T. A., Catalán, M., Jordan, T. M., Balmer,
J. L., and Vaughan, D. G.: Geothermal Heat Flux Reveals the Ice-
land Hotspot Track Underneath Greenland, Geophys. Res. Lett.,
45, 8214–8222, https://doi.org/10.1029/2018GL078289, 2018.

Matzka, J., Rasmussen, T. M., Olesen, A. V., Nielsen, J. E., Fors-
berg, R., Olsen, N., Halpenny, J., and Verhoef, J.: A new aero-
magnetic survey of the North Pole and the Arctic Ocean north of
Greenland and Ellesmere Island, Earth Planets Space, 62, 829–
832, https://https://doi.org/10.5047/eps.2010.07.002, 2010.

Meyer, B., Chulliat, A., and Saltus, R.: Derivation and Error Analy-
sis of the Earth Magnetic Anomaly Grid at 2 arc min Resolution

Earth Syst. Sci. Data, 18, 1943–1967, 2026 https://doi.org/10.5194/essd-18-1943-2026

https://doi.org/10.1111/j.1365-246X.2008.03794.x
https://doi.org/10.1017/CBO9780511549816
https://doi.org/10.1016/j.tecto.2018.01.008
https://doi.org/10.1007/978-1-4613-9255-2_19
https://doi.org/10.1007/978-1-4613-9255-2_19
https://doi.org/10.1016/j.resourpol.2021.102425
https://www.diva-portal.org/smash/get/diva2:207900/FULLTEXT01.pdfVictor#page=234
https://www.diva-portal.org/smash/get/diva2:207900/FULLTEXT01.pdfVictor#page=234
https://doi.org/10.1190/1.1439996
https://doi.org/10.1190/geo2020-0861.1
https://doi.org/10.1016/j.precamres.2023.107060
https://doi.org/10.1002/ggge.20253
https://doi.org/10.1144/M35.3
https://doi.org/10.1029/2018GL078153
https://doi.org/10.34194/geusb.v38.4405
https://doi.org/10.22008/FK2/LQN5YJ
https://doi.org/10.1016/j.precamres.2013.12.015
https://doi.org/10.3390/rs15051379
https://doi.org/10.34194/rapggu.v100.7707
https://doi.org/10.1029/2006GL025826
https://doi.org/10.1186/s40623-016-0404-6
https://doi.org/10.1190/1.3378764
https://doi.org/10.1029/2023GL107357
https://doi.org/10.1029/2018GL078289
https://doi.org/10.5047/eps.2010.07.002


B. H. Heincke et al.: Magnetic compilation from Greenland 1967

Version 3 (EMAG2v3), Geochem. Geophy. Geosy. 18, 4522–
4537, https://doi.org/10.1002/2017GC007280, 2017.

Meyer, U., Damaske, D., Steinhage, D., Nixdorf, U., and Miller,
H.: First highlights from the NOGRAM’98 – Northern Gravity,
Radio Echo Sounding and Magnetics, Polarforschung, 69, 25–
33, 2001.

Møller Nielsen, B.: Crustal architecture and spatial distribution of
mineral occurences in the Precambrian Shield of central West
Greenland based on geophysical and geological data, PhD thesis,
Aarhus University, 2004.

Nasuti, A. and Olesen, O.: Chapter 4: Magnetic Data, in:
Tectonostratigraphic Atlas of the North-East Atlantic Re-
gion, edited by: Hopper, J. R., Funck, T., Stoker, M., Art-
ing, U., Peron-Pinvidic, G., Doornenbal, H., and Gaina,
C., NAG-TEC Group, 41–51, ISBN 978 87 7871 378 0,
https://doi.org/10.22008/FK2/ZZQRQ1, 2014.

Nelson, B., Hardwick, D., Forsyth, D., Bower, M., Marcotte, D.,
MacPherson, M., Macnab, R., and Teskey, D.: Preliminary anal-
ysis of data from the Lincoln Sea surveys 1989–1990, Current
Research, Part B, Geological Survey of Canada, Paper 91-1B,
15–21, 1991.

Oakey, G. N. and Damaske, D.: Continuity of Basement Structures
and Dyke Swarms in the Kane Basin Region of Central Nares
Strait Constrained by Aeromagnetic Data, Polarforschung, 74,
51–62, 2006.

Olsen, N., Ravat, D., Finlay, C. C., and Kother, L. K.: LCS-1: a high-
resolution global model of the lithospheric magnetic field derived
from CHAMP and Swarm satellite observations, Geophys. J. Int.,
211, 1461–1477, https://doi.org/10.1093/gji/ggx381, 2017.

Paige, C. C. and Saunders, M. A.: LSQR: An Algorithm for Sparse
Linear Equations and Sparse Least Squares, ACM T. Math. Soft-
ware, 8, 43–71, https://doi.org/10.1145/355984.355989, 1982.

Rasmussen, T. M., Thorning, L., Riisager, P., and Tukuiainen,
T.: Airborne geophysical data from Greenland, Geology and
Ore, 22, https://eng.geus.dk/media/13207/go22.pdf (last access:
5 March 2026), 2013.

Ravat, D., Whaler, K. A., Pilkington, M., Sabaka, T., and Purucker,
M.: Compatibility of high-altitude aeromagnetic and satellite-
altitude magnetic anomalies over Canada, Geophysics, 67, 546–
554, https://doi.org/10.1190/1.1468615, 2002.

Riebeek, H.: IceBridge: Building a Record of Earth’s Chang-
ing Ice, One Flight at a Time, NASA Earth Observa-
tory, https://earthobservatory.nasa.gov/features/IceBridge/page1.
php (last access: 5 March 2026), 2011.

Riisager, P. and Rasmussen, T. M.: Aeromagnetic survey in south-
eastern Greenland: project Aeromag 2013, GEUS Bulletin, 31,
63–66, https://doi.org/10.34194/geusb.v31.4662, 2014.

Ruppel, A., Damaske, D., and Piepjohn, K.: Aeromagnetic high-
resolution survey over the Vendom Fiord region, Ellesmere Is-
land, Canadian High Arctic, in: Circum-Arctic Structural Events:
Tectonic Evolution of the Arctic Margins and Trans-Arctic Links
with Adjacent Orogens, Geological Society of America, 349–
366, https://doi.org/10.1130/2018.2541(17), 2019.

Schlindwein, V. and Meyer, U.: Aeromagnetic study of the con-
tinental crust of north-east Greenland, J. Geophys. Res., 104,
7527–7537, 1999.

Steenfelt, A., Hollis, J., Kirkland, C. L., Sandrin, A., Gardiner, N. J.,
Olierook, H. K. H., Szilas, K., Waterton, P., and Yakymchuk, C.:
The Mesoarchaean Akia terrane, West Greenland, revisited: New
insights based on spatial integration of geophysics, field observa-
tion, geochemistry and geochronology, Precambrian Res., 352,
105958, https://doi.org/10.1016/j.precamres.2020.105958, 2021.

Thorning, L., Bower, L., Hardwick, M., and Hood, P.: Green-
land ice cap aeromagnetic survey 1987: completion of the
survey over the southern end of the Greenland ice cap,
Rapport Grønlands Geologiske Undersøgelse, 140, 70–72,
https://doi.org/10.34194/rapggu.v140.8039, 1988.

Verhoef, J., Roest, W. R., Macnab, R., and Arkani, H. J.: Magnetic
Anomalies of the Arctic and North Atlantic Oceans and Adjacent
Areas, CD compilation, Geological Survey of Canada, Ottawa,
1996.

Vogt, P. R., Johnson, G. L., and Kristjansson, L.: Morphology and
Magnetic anomalies North of Iceland, Journal of Geophysics, 47,
67–80, 1980.

Wansing, A.: Greenland’s lithospheric structure and its implications
for geothermal heat flow, PhD thesis, Kiel University, https://
macau.uni-kiel.de/receive/macau_mods_00005109 (last access:
5 March 2026), 2024.

Wansing, A., Ebbing, J., and Moorkamp, M.: The lithospheric
structure of Greenland from a stepwise forward and in-
verse modelling approach, Geophys. J. Int., 238, 719–741,
https://doi.org/10.1093/gji/ggae183, 2024.

https://doi.org/10.5194/essd-18-1943-2026 Earth Syst. Sci. Data, 18, 1943–1967, 2026

https://doi.org/10.1002/2017GC007280
https://doi.org/10.22008/FK2/ZZQRQ1
https://doi.org/10.1093/gji/ggx381
https://doi.org/10.1145/355984.355989
https://eng.geus.dk/media/13207/go22.pdf
https://doi.org/10.1190/1.1468615
https://earthobservatory.nasa.gov/features/IceBridge/page1.php
https://earthobservatory.nasa.gov/features/IceBridge/page1.php
https://doi.org/10.34194/geusb.v31.4662
https://doi.org/10.1130/2018.2541(17)
https://doi.org/10.1016/j.precamres.2020.105958
https://doi.org/10.34194/rapggu.v140.8039
https://macau.uni-kiel.de/receive/macau_mods_00005109
https://macau.uni-kiel.de/receive/macau_mods_00005109
https://doi.org/10.1093/gji/ggae183

	Abstract
	Introduction
	Aeromagnetic datasets and satellite models
	Aeromagnetic datasets
	Satellite model

	Methodology
	Equivalent source dipole model
	Arrangement of equivalent sources
	Inversion setup
	Regularization
	Adapted smoothing
	Correcting for constant shift bias
	Considering changes of the main magnetic field with time 

	Simulating a magnetic field at an arbitrary height level
	Spherical harmonic expansion

	Data preparation and parameter settings
	Data preparation
	Parameter settings in the equivalent source modeling
	Grid spacing and depths of equivalent sources
	Regularization
	Assumed data uncertainties
	Corrections of constant shift bias
	Simulation of the magnetic anomaly

	Setup to handle large data sets
	Post-processing

	Presentation of the magnetic anomaly compilation and evaluation of its quality
	Data uncertainties and data fits
	Compilation with and without using the finest equivalent source plane
	Replacement with satellite data
	Comparison with the CAMP-M compilation

	Data availability
	Conclusions
	Appendix A: Implementation of the constant shift correction in the inversion
	Appendix B: Spherical harmonic expansion for an equivalent source plane
	Appendix C: Magnetic anomaly obtained from the coarse and medium plane
	Appendix D: Inversion results without constant shift correction
	Appendix E: CAMP-M compilation
	Appendix F: GAMMA-5 compilation
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

