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Abstract 

The Jameson Land Basin, located in central East Greenland, initiated in Devonian time with the collapse 
of the over-thickened Caledonian Orogen. The basin developed during different phases of rifting from the 
late Paleozoic to the Mesozoic and has accumulated between 16-18 km of sediments. In Paleogene time, the 
basin was affected by intense magmatism due to the opening of the North Atlantic Ocean c. 55 Ma ago. Due 
to a significant uplift in Miocene time, the sedimentary sequence is well exposed along the basin margins, 
revealing numerous mineral occurrences hosted within almost the entire stratigraphic succession. The major 
types of mineralization comprise: (1) intrusion-related Mo (± Pb, Zn, Cu, Ag) mineralization associated with 
Paleogene intrusive complexes; (2) stratabound and/or stratiform Cu, Pb, Zn, (Ag) within Upper Permian and 
Triassic clastic and marine sedimentary formations; (3) stratabound and structurally controlled Pb-Zn, Cu, Ba, 
(Sr) mineralization in Upper Permian carbonates; and (4) structurally-controlled Pb, Zn, Cu (±Sb, Bi, Ag, Au) 
vein-type mineralization within Caledonian and Paleozoic rocks. 

It is well acknowledged that structures such as faults, thrusts, detachments, shear zones and associated 
fracture systems play an important role as fluid conduits connecting metal sources and sites of mineral 
precipitation. In particular, previous studies showed that mineral occurrences within the East Greenland 
Caledonides are closely related to lineaments and intrusions. In this context, the Crusmid-3D project was 
initiated in 2014, aiming at establishing the links between the crustal structures and the mineral occurrences in 
the Jameson Land Basin using a combination of geological and geophysical data. The interest for mineral 
exploration in the area led exploration companies and institutions to carry out magnetic and electromagnetic 
surveys, and the data derived from these constitute the base of this study.  

This thesis provides a detailed structural interpretation of aeromagnetic data in the Jameson Land Basin 
where several magnetic trends associated with Tertiary dikes and sills as well as with reactivated Paleozoic and 
Triassic faults were delineated. These data, in combination with a literature review and compilation of the 
mineral occurrences in the Jameson Land Basin, allowed highlighting seven prospective areas for structurally-
controlled base metal mineralization.  

New structural data from geological fieldwork, drilling results and geophysical data (magnetic, 
electromagnetic and seismic data) along the eastern margin of the basin allowed a new interpretation of the 
geometry of the Triassic rift in East Greenland, represented by NE-SW-trending basins and highs segmented 
by NW-SE-trending transfer zones. It can be correlated with its European conjugate margin, displaying 
analogies with the Triassic Froan and Helgeland Basins in the Norwegian offshore and with the Papa and West 
Shetlands Basins north of the Shetland Islands. 

The proposed structural model of the Triassic rift was further investigated using 3D-geologically-
constrained inversion of magnetic data in order to refine the architecture of the eastern margin of the Jameson 
Land Basin. Modelling results confirmed the presence of a shallow westward dipping peneplained crystalline 
basement in the southern part of the area while the northern part is characterized by faulted blocks, which 
accommodated relatively thick red bed sedimentary sequences, thereby representing a good potential source 
of base metals. 

Furthermore, Induced Polarization (IP) effects observed in airborne time-domain electromagnetic data 
acquired in the eastern margin of the basin were investigated using Self-Organizing Maps (SOM). The analysis 
of the shape and amplitude of the transient response curves using the SOM allowed identifying four areas 
where the transient curve patterns exhibit strong IP effects. These are shown to be collocated with Tertiary 
sills and dikes, with areas affected by intense clay-alteration, as well as with a sulfide-bearing brecciated granite 
and with Triassic stratigraphic horizons hosting disseminated base metal sulfides.  

 

Keywords: central East Greenland, Jameson Land Basin, base metal mineralization, geological structures, 
magnetic data, electromagnetic data 
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1.  Introduction 

The work presented in this PhD thesis was part of the Crusmid-3D project, which was initiated 
in 2014 and aimed at establishing the links between the crustal structures and the mineral occurrences 
in East Greenland using a combination of geological and geophysical data (Guarnieri et al., 2016). 
The project was a Nordic cooperation between GEUS (Geological Survey of Denmark and 
Greenland), LTU (Luleå University of Technology), ISOR (Icelandic Geosurvey) and the Danish 
junior exploration company Avannaa Resources, which underwent restructuration in December 
2014. The project was co-financed by Nordmin (a Nordic Network of Expertise for a Sustainable 
Mining and Mineral Industry, funded by the Nordic Council of Ministers) and by a Avannaa 
Resources.  

This PhD was held between the petrology and economic geology department of GEUS, in 
Copenhagen, Denmark; and the exploration geophysics department of LTU, Luleå, Sweden. 

1.1 Metallic resources: consumption and production within Europe 

Metals represent about 90 of the 118 elements of the periodic table and are classified based on 
their physical and chemical properties but can also be categorized based on their use, economic 
importance and metallurgic characteristics. In this thesis, the main metallic commodities encountered 
are base metals (Cu, Pb, Zn), Mo and Ba. The following paragraphs present facts and numbers about 
the supply chain of Cu, Pb, Zn and Ba based on the European Commission raw materials factsheets 
(European Commission, 2017a, 2017b).  

Copper (Cu) possesses a very high electrical conductivity and corrosion-resistant properties 
and is therefore mainly used for electrical applications. In 2014, the European Cu ore production 
represented 4.76 % of the world’s production, the latter which reached an average of 17 Mt per year 
between 2010 and 2014. Chile is the major world Cu producer, accounting for about a third of the 
world’s production, followed by China and Peru. Within Europe, Poland accounts for over half of 
the Cu production, followed by Bulgaria, Spain, Sweden and Portugal. Europe has a yearly 
consumption of Cu of about 5 Mt and is therefore highly dependent (to 82 %) on imports of Cu 
concentrates as well as on Copper scrap for recycling. Although Copper is 100 % recyclable (Jeswiet, 
2017), its end of life recycling input rate is only of 55 %. The major source of mined Cu originates 
from porphyry Cu deposits, accounting for 50-60 % of the world production with grades ranging 
from 0.2 to >1 % (British Geological Survey, 2007). However, about 20 % of the produced Cu 
originates from sedimentary-hosted Cu deposits with grades about 2 % Cu. In the world, there are 
three major supergiant deposit provinces (>24 Mt contained Cu): the Paleoproterozoic Kodaro-
Udokan in Siberia, the Neoproterozoic Katagan in central Africa and the Permian basin of central 
Europe (Hitzman et al., 2005), containing the famous Kupferschiefer deposits in Poland. The third 
most important source of Cu deposits are volcanogenic massive sulfides (VMS) with grades around 
1 % (British Geological Survey, 2007). 

Lead (Pb) within the EU is mainly used in Pb-acid batteries (85 %). China accounts for about 
half of the world’s production while the EU production represents about 4 %. Within Europe, 
Poland, Sweden and Ireland together contribute to more than 80 % of the EU production. In the 
EU, 60 % of the refined Pb is produced by recycling rather than mining and EU import reliance for 
Pb is of only 18 %. The mined Pb is mainly extracted as a co-product of Zn mining and mainly 
originates from sedimentary-hosted deposits. 

Zinc (Zn) is mainly used for steel products, zinc alloys and electrical appliances. The world’s 
Zn production is dominated by China, Australia and Peru while EU production represents 7 %, with 
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Ireland and Sweden being the largest EU producers. Within the EU, Zn import reliance is of 50 % 
and Zn end of life recycling input rate is of 31 %. Most of the mined Zn in the world originates from 
sedimentary-exhalative (SEDEX) deposits and Mississippi Valley Type (MVT) deposits (British 
Geological Survey, 2004).  

Barite (Ba), is a non-toxic, inert and very high density metal naturally occurring as barium 
sulfate. It is mainly used as a weighting agent, as filler and for chemical applications. Barite is therefore 
not recovered from its main applications and is almost not recycled (1 %). Europe only contributes 
to 1.27 % of the world’s production which is dominated by China who holds nearly half of the 
production. Europe is highly dependent on barite imports and included this metal in the list of critical 
raw materials in 2017 (European Commission, 2017b). Barite occurs as stratiform (e.g. SEDEX 
deposits), vein-type and residual deposits (British Geological Survey, 2005).  

The demand of these metals has considerably increased since 1970 (Rogich and Matos, 2008) 
and will continue to do so (Halada et al., 2007) due to a growing population, the modernization of 
the developing countries and a general increase of the standards of living (Kesler, 2007). Although 
the recycling rate of some metals has the potential to increase, which would allow to move towards 
a circular economy, the metal consumption cannot only rely on the recycling part and mining must 
continue (Ali et al., 2017). Mineral exploration efforts are therefore necessary to find new ore deposits 
and increase the mineral reserves estimates within European countries in order to ensure a safe supply 
for the future. 

1.2 Mineral exploration strategies: from deposit models to the mineral 
system concept  

Metals naturally occur in the Earth’s crust at various concentrations. However, in order to form 
ore deposits, these elements need to have been sufficiently concentrated by means of geological 
processes to be economic to mine. In order to form an economic deposit, some elements may only 
need a small enrichment factor compared to their crustal abundance such as Al or Fe, but others like 
base metals and precious metals need degrees of concentration in the hundreds or thousands range, 
respectively (Robb, 2005). Mineral exploration sciences consists in identifying and locating mineral 
enrichments in the crust. While the discovery rate of shallow deposits is decreasing, explorers need 
to investigate deeper and use modern techniques such as geophysics to explore under cover (Schodde, 
2017; Wood, 2016). 

Numerous types of ore deposits occur on the planet, offering different commodities within 
various geological settings and many classification schemes of ore deposit models have been developed 
in order to categorize them (Arndt and Ganino, 2012; Cox and Singer, 1986; Evans, 1993; Guilbert 
and Park, 1989; Misra, 2000; and many others). However, deposit classifications are based on certain 
characteristics of the deposits such as the ore-forming processes (Robb, 2005), the level in the crust 
where the deposits formed (Evans, 1993); or based on the tectonic processes involved in the ore 
formation (Pirajno, 2016); and consequently, these classifications lack other aspects of the deposits 
characteristics (Hagemann et al., 2016).  

In response to a general decrease in the efficiency of discovering new deposits with the 
traditional deposit model approach (McCuaig and Hronsky, 2014), Wyborn et al. (1994) formally 
introduced the concept of a “mineral system” by analogy to the petroleum system concept (Magoon 
and Dow, 2009). Wyborn et al. (1994) define this holistic mineral system approach to mineral 
exploration as “all geological factors that control the generation and preservation of mineral deposits, 
and stress the processes that are involved in mobilizing ore components from a source, transporting 
and accumulating them in a more concentrated form and then preserving them throughout the 
subsequent geological history”. Since Wyborn et al. (1994), several mineral systems have been 
developed for different deposit models (Hitzman et al., 2005; Knox Robinson and Wyborn, 1997; 
Mccuaig et al., 2010; Mccuaig and Hronsky, 2014; and others) but several key parameters are 
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common to most of them and were summarized by Hagemann et al. (2016) and illustrated in Figure 
1. They involve:  

1. a tectonic event that triggers a mineralizing event;  
2. source regions for both metals and metal transporting fluids/magma; 
3. pathways, providing conduits for hydrothermal fluid/magma flow at various scales; 
4. drivers: processes that drive fluid/magma flow; 
5. mechanical or structural throttle to focus fluid flow or magmas into discrete mineral 

deposition trap sites;  
6. traps, which may be of geochemical or physical nature and cause metals to precipitate from 

fluids/magma at the deposition site;  
7. dispersion processes occurring during and after mineral deposition and producing 

detectable geophysical or geochemical anomalies;  
8. preservation-upgrading processes that exhume or enhance mineralization after its 

deposition. 
 

 
Figure 1. Conceptual mineral system (from Knox Robinson and Wyborn, 1997). 

According to Hitzman et al. (2005), a key factor controlling the local scale mineralization 
expression of the regional sedimentary-hosted Cu ore system is the architecture of the sedimentary 
basin, both in space and time. Although there is a common agreement that mineralization in 
sedimentary-hosted stratiform Cu ore systems occurs after deposition, the timing of mineralization 
can range from the burial of the sediments during diagenesis, to later events such as basin exhumation 
or metamorphism. 

While ore deposit models often focus at the prospect scale, considering specific mineral 
assemblages within a particular host-rock, or associated with certain controlling structures; the mineral 
system approach considers the mineralizing system as a whole and on a larger scale. Based on this 
concept, several types of locally-described ore deposits would be able to form from a mineral system. 
This is well illustrated by the sedimentary-hosted stratiform Cu ore system described by Hitzman et 
al. (2005), which encompasses several ore deposit models occurring within different host-rocks, such 
as Kupferschiefer type deposits (Brown, 1997) and red-bed deposits (Kirkham, 1989) and even relate 
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them to other deposit types found in the same province such as Volcanic red-bed copper deposits 
(Kirkham, 1996) or Iron oxide Copper Gold (IOCG) type deposits (Williams et al., 2005). 

1.3 Greenland and Jameson Land 

Located between about 60°N and 84°N, Greenland expands over 2 166 000 km2 of which only 
c. 410 000 km2 are free of ice. Remaining from the Pleistocene ice ages, the Inland Ice-sheet attains 
a thickness of 3 km and contains about 10 % of the world’s resources of fresh water (Henriksen et al., 
2009; Statistics Greenland, 2014). Greenland is populated with 56 282 inhabitants who live in towns 
and settlements mainly along the west coast but about one third reside in the capital of Nuuk, located 
on the southwest coast. Greenland is part of the Kingdom of Denmark but has its own government 
and is not part of the European Union. Its economy relies on the industry of fish processing, 
handicrafts, hides and skins, small shipyards and mining; as well as subsidies from Denmark (Statistics 
Greenland, 2014). Greenland hosts significant occurrences of metallic and industrial minerals within 
all the principal geological provinces (Henriksen et al., 2009) and currently two operating mines for 
ruby and pink sapphire in Aappaluttoq, southern West Greenland; and feldspar (anorthosite) in the 
White Mountain, Naajat, in central West Greenland (Figure 2). Authorizations for prospecting, 
exploration, and exploitation of raw materials may be granted by the Government of Greenland to 
companies having the expertise and financial background for these activities.  

The eastern coast of Greenland is dominated by remnants of the Caledonian Orogen, creating 
a rugged alpine topography with ice caps and glaciers. The Jameson Land (Figure 3), which owes its 
name to Jameson (1823), who was part of the first recorded expedition by Europeans on the coast of 
northern East Greenland (Higgins, 2010) is located between 70°N and 72°N, bordered to the west 
and to the east by the Stauning Alper and the Liverpool Land, respectively. Only few settlements are 
located in the southernmost part of Liverpool Land and in the northwestern part of Jameson Land. 
The area can only be accessed by two gravel air-strips at Constaple Pynt and Mesters Vig and by ship 
for a 1-2 month time in the summer when the fjords are ice-free. The western and northernmost 
parts of Jameson Land belong to the world’s largest national park Northeast Greenland National Park 
established in 1974 and protecting 972 000 km2 of the northeastern part of Greenland.  

Geological research in Greenland was officially carried out by the Geological Survey of 
Greenland (GGU), established in 1946. In 1995, GGU merged with the Geological Survey of 
Denmark (DGU) to form the Geological Survey of Denmark and Greenland (GEUS). Part of the 
Danish Ministry of Energy, Utilities and Climate, GEUS carries out research on mineral, energy and 
water resources as well as on nature and climate. In addition to research, GEUS is the national 
geological data center, which makes data available to authorities, private and public entities. Resulting 
from numerous field mapping expeditions by GGU and later by GEUS, the exposed bedrock of 
Greenland is covered by 12 map sheets at the 1: 500 000 scale and certain areas such as central East 
Greenland are covered by maps at the 1:100 000 scale. The 2nd edition of descriptive text to the 
geological map of Greenland 1:2 500 000 (Henriksen et al., 2009) published in the open–access 
Geological Survey of Denmark and Greenland Bulletin provides an overview of the geology of 
Greenland. References to geological data, maps, company reports and survey publications, coverage 
of geophysical data, mineral occurrences and others can be accessed on the Greenland Mineral 
Resources Portal, which provides an interactive map-based data-searching platform 
(http://www.greenmin.gl/). 
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Figure 2. Known major mineral occurrences and mine sites in Greenland in 2018, displayed on the geological 
map (available from http://www.eng.geus.dk/media/18831/postkort_2018.pdf). 
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1.4 Objectives and approach of the present study  

The work presented in this thesis mainly focuses on the eastern margin of the Jameson Land 
Basin, where Avannaa Resources, which was part of the Crusmid 3D project, had an exploration 
license for sedimentary-hosted copper mineralization. The specific motivations and approaches of this 
work in respect with the papers appended to this thesis were:  

 Paper I: the identification of regional structures and their relation with 
mineralization systems  
Various types of mineralization occur in the Jameson Land Basin, but most of them are non-
magnetic which makes direct targeting of mineralization limited using magnetic data. However, 
the occurrence of numerous structurally-controlled and intrusion-related mineralization 
motivated to perform indirect targeting by doing a texture and lineament analysis of magnetic 
data and correlating them to geological field observations  

 Paper II: defining the geometry and the kinematics of the Triassic rift in East 
Greenland 
New magnetic and electromagnetic data in the Klitdal area suggested the presence of a major 
N-S to NE-SW-trending fault system, which, together with field structural data and drillcore 
data encouraged to reinterpret the geometry of the Triassic rift in East Greenland.  

 Paper III: refining the architecture and estimating the sedimentary thickness 
of the eastern margin of the basin  
The exposure of base metal occurrences within Upper Permian and Triassic rocks along the 
eastern margin of the Jameson Land Basin and the barren results of diamond drilling in the area 
motivated to better constrain the architecture and the sedimentary thickness in this area by 
means of 3D geological and magnetic modelling. 

 Paper IV: mapping and discussing the source of Induced Polarization effects 
in airborne TEM data from the eastern margin of the basin 
The presence of Induced Polarization effects in SkyTEM data acquired in the eastern margin 
of the Jameson Land Basin, where disseminated sulfides occur motivated to map, characterize 
and correlate these IP effects with geological features in order to define the most prospective 
areas for mineralization.  

 

The work in this thesis stands both in the fields of geology and geophysics for the purpose of 
mineral exploration. This introductory chapter is therefore addressed to both geologists and 
geophysicists and aims at providing the necessary background on the geology of the study area and 
on the basic principles of the geophysical methods and interpretation approaches used in this work.  
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2. Geological setting of the Jameson Land Basin 

Located in the East Greenland Caledonides, the Jameson Land Basin (Figure 3) is the southern 
part of a series of N-S elongated Palaeozoic – Mesozoic basins extending over 800 km along the east 
coast of Greenland. About 80 km wide, 150 km long, and 16-18 km thick in its central part, the 
Jameson Land Basin results from the collapse of the over-thickened Caledonian crust with the 
development of the Old Red Sandstone Devonian basin; of successive rifting phases and subsidence; 
and of intense Cenozoic magmatic activity associated with the continental break-up and opening of 
the North-Atlantic Ocean. 

 
Figure 3. Geological map of the Jameson Land Basin at the 1: 1 000 000 scale (Henriksen, 2003). Sills and 
faults are modified after the 1: 500 000 scale map (Pedersen et al., 2013) and dikes from the 1: 100 000 scale 
maps (Bengaard and Watt, 1986; Birkelund and Higgins, 1980; Friderichsen and Bromley, 1976; Friderichsen 
and Surlyk, 1981; Henriksen and Perch-Nielsen, 1977; Higgins and Håkansson, 1980; Perch-Nielsen et al., 
1983). Gubbedalen shear zone redrawn from Augland et al. (2010). Circled letters refer to mineralized localities 
described in section 3. Photos 1 & 2 indicate the locations of Figure 6. Modified from Brethes et al. (2018). 
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2.1 Regional setting: the East Greenland Caledonian fold belt 

The Caledonian Orogen formed in Silurian time with the continental collision between 
Laurentia to the west and Baltica to the east, due to the closure of Iapetus Ocean (Figure 4). In East 
Greenland, the N-S-trending Orogen is exposed over 1 300 km along the coast between 70°N and 
82°N and over several hundred km of ice-free land in an E-W direction (Henriksen et al., 2008).  

 
Figure 4. Map of the Paleozoic fold belts around the North Atlantic Ocean in their original relative position 
c. 300 Ma before the seafloor spreading created the present-day Atlantic Ocean (from Henriksen et al., 2008). 

The Orogen is built up of thrust sheets displaced across foreland windows, which resulted in a 
shortening estimated to 40-60 % with eastward thrust displacement in the Scandinavian Caledonides 
and around 200-400 km westward thrust displacement in the Greenland Caledonides (Henriksen et 
al., 2008; Higgins et al., 2004). Between 70°N and 82°N, the thrust architecture can be decomposed 
into four divisions (Figure 5): 

(1) the foreland and foreland windows, concealed in the west by inland ice, occur in the thin-
skinned thrust belt mainly composed of Paleoproterozoic to Cambrian rocks; 

(2) the Niggli Spids Thrust Sheet, composed of Archean to Paleoproterozoic orthogneisses with 
mafic dikes and a thick succession of Upper Mesoproterozoic to Lower Neoproterozoic 
metasedimentary and sedimentary rocks belonging to the Krummedal supracrustal sequence; 

(3) the Hagar Bjerg Thrust Sheet, mainly comprising Palaeoproterozoic orthogneisses with 
mafic dikes overlain by the Krummedal supracrustal sequence, which is cut by abundant granitic 
sheets and plutons of Neoproterozoic and Caledonian age (Higgins and Leslie, 2008; Watt et 
al., 2000); 

(4) the Franz Joseph Allochthon (FJA), characterized by a > 14 km thick sedimentary 
succession belonging to Neoproterozoic sedimentary basins, which might have formed due to 
an early phase of rifting of the Iapetus Ocean along the northern Laurentian margin. The FJA 
is composed of Neoproterozoic metasedimentary to sedimentary rocks of the Eleonore Bay 
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Supergroup (EBS) and Cryogenian glacial deposits of the Tillite Group; and are overlain by 
Cambrian sedimentary rocks of the Kong Oscar Fjord Group (Sønderholm et al., 2008).  
 
Before and coeval with the thrusting, crustal thickening caused the formation of S-type 

Caledonian granites produced by melting of the metasedimentary rocks of the Hagar Bjerg thrust 
sheet (Higgins and Leslie, 2008). Some of the melts migrated upwards into the lowest part of the 
EBS, which displays metamorphic overprint (Higgins et al., 2004). 

 
Figure 5. Thrust architecture divisions of the southern part of the Caledonian fold belt. KFJF—Kejser Franz 
Joseph Fjord (from Higgins et al., 2004). 

2.2 Collapse of the Caledonian Orogen and Paleozoic-Mesozoic rifting 

Initiation of the Devonian basin 
The Caledonian orogeny was followed by the collapse of the over-thickened crust with the 

formation from Middle Devonian of the intramontane Old Red Sandstones basin, which accumulated 
over 8 km of continental clastic sediments (Larsen et al., 2008). The basin formation was 
accommodated by SE-NW-oriented dip-slip faults and by subordinate N-S-oriented, sinistral wrench 
faults accommodating an ESE-directed extension (Larsen et al., 2008; Larsen and Bengaard, 1991).  

Volcanic episodes mark the lower units of the Devonian basin with the occurrence of rhyolitic 
lava flows and tuffs making up the Kap Fletcher volcanic series (Bütler, 1948). During deposition and 
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until Early Carboniferous, the sedimentary sequence was widely deformed by left-lateral strike-slip 
movements along the basin border faults (Larsen and Olsen, 1991). In the Jameson Land Basin, the 
Devonian succession is only cropping-out in Wegener Halvø and Canning Land and in the southern 
part of Liverpool Land (Figure 3). 

Late Carboniferous block-tilting and Upper Permian peneplenation 
In latest Devonian, the stress pattern shifted from oblique to a more orthogonal rifting, leading 

in late Carboniferous, to rotational block faulting along the newly formed N-S-trending half graben 
basin margin (Larsen and Marcussen, 1992; Surlyk, 1990; Surlyk et al., 1986). Upper Carboniferous 
continental clastic sedimentation took place in the westward-tilted blocks (Stemmerik et al., 1991) 
prior to a period of erosion, which resulted in a well-recognized mid-Permian peneplain (Surlyk et 
al., 1986). Along the eastern margin of the basin, the peneplain manifests as a flat surface carved in 
the Liverpool Land crystalline rocks and by an angular unconformity between Devonian to 
Carboniferous sedimentary rocks and the overlying Upper Permian succession in Canning Land and 
Wegener Halvø (Figure 6).  

 
Figure 6. Mid-Permian peneplain (top) in the Caledonian basement in Liverpool Land (figure from Guarnieri 
et al., 2017); and (bottom) between the Devonian and Upper Permian rocks in Wegener Halvø. Location of 
the photos in Figure 3.  

Upper Permian onset of sedimentation 
Upper Permian conglomerates, carbonates and shales forming the Foldvik Creek Group, 

successively deposited with an angular unconformity of 15° above the basal peneplain. This c. 200 m 
thick sequence was studied by Surlyk et al. (1986) for its oil-source and reservoir potential. In the 
Jameson Land Basin, the Carboniferous-Upper Permian succession is exposed all along the western 
margin, but in the eastern margin it is restricted to Wegener Halvø and a small outcrop in Canning 
Land (Figure 3). The lowest Upper Permian formation is represented by the basal conglomerate of 
the Huledal Formation, typically 20-30 m thick along the basin margins. It is overlain by the 5 to 
30 m thick Karstryggen Formation, characterized by a marginal marine carbonate and evaporite 
unit mainly occurring in Schuchert Dal and in Wegener Halvø (Figure 3). The latter locally exceeds 
100 m of thickness and shows intensely karstified horizons due to several events of subaerial exposure, 
locally creating up to 100 m relief. In Upper Permian a change in tectonic regime allowed the first 
marine transgression since the Caledonian orogeny, which led to the connection of the northern 
Boreal Sea and the Zechstein Basin of north-west Europe (Maync, 1961; Seidler et al., 2004). Shallow 
marine limestones of the Wegener Halvø Formation occur as a platform sequence in the Schuchert 
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Dal area while they form local build-ups in Wegener Halvø (Surlyk et al., 1986). Black bituminous 
shale basins of the Ravnefjeld Formation developed contemporaneously in the topographic lows 
of the Wegener Halvø Formation. Only a few meters thick in Schuchert Dal, they may reach a 
thickness of 60 m in Wegener Halvø and represent the time equivalent to the European 
Kupferschiefer (Stemmerik, 1991). The Foldvik Creek Group is terminated by a progradational shale 
and sandstone sequence making up the Schuchert Dal Formation, which represents the last clastic 
deposition of the Late Permian basin.  

Triassic rift 
The sea level fall in latest Permian caused the erosion of the youngest Permian deposits but in 

some areas, sedimentation remained uninterrupted during the Permian-Triassic transition (Surlyk, 
1990). The earliest Triassic sediments are represented by shale successions of the Wordie Creek 
Formation which deposited within incised submarine canyons in an anoxic environment (Wignall 
and Twitchett, 2002). Their thickness varies from 270 m to 750 m from the margins to the centre of 
the basin and is controlled by syn-sedimentary faults (Seidler, 2000). The Early and Middle Triassic 
was dominated by a major phase of basin margin uplift and rapid fault-controlled basin subsidence, 
which, according to Surlyk (1990) and references therein, led to the formation of a N-S-trending 
intermontane graben. An unconformity marks the transition to the overlying Pingo Dal 
Formation, characterized by coarse-grained red alluvial fan sequences of the Klitdal Member (Figure 
7) and Paradigma Bjerg Member along the basin margins; as well as by the floodplain deposits of the 
Rødstaken Member towards the center of the basin. The alluvial fan succession shows important 
thickness variations, between 700 m in Canning Land to 50 m in the southern part of Wegener Halvø 
(Figure 3). Guarnieri et al. (2017) (paper II in this thesis) showed that the Triassic rift along the East 
Greenland margin is rather represented by NE-SW-trending basins and highs, segmented by NW-
SE-trending transfer zones.  

 
Figure 7. Outcrop pictures of the Klitdal Member in the Klitdal area, along the eastern margin of the Jameson 
Land Basin. (a and b) Typical conglomerate, often comprising altered granitic pebbles within a red arkosic 
matrix. (c) Typical cross-bedded arkoses with oxidized and reduced facies. 

This syn-rift sequence is overlain by an up to 350 m thick Gipsdalen Formation, which 
includes the 2-35 m thick Carnian marine mudstones Gråklint Beds (Andrews et al., 2014) deposited 
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in a warm, shallow marine embayment; but is otherwise dominated by gypsiferous sandstones and 
mudstones deposited in alluvial fans, sabkhas and periodic aeolian environments (Clemmensen, 1978). 
The overlying Fleming Fjord Formation is composed of shallow water sandstones and mudstones 
with intercalations of stromatolitic limestone; lacustrine mudstones and sandstones; and red fluviatile 
mudstones, sandstones and arkoses, interrupted by dolomitic rocks (Clemmensen, 1980). 
Sedimentation continued with the Upper Triassic-Lower Jurassic Kap Stewart Formation, 
represented by fluviatile-deltaic coarse to fine-grained sandstones, shales and thin coal beds.  

Jurassic thermal subsidence 
Sedimentation continued in Jurassic and until Early Cretaceous, marked in Pliensbachian, by 

the first fully marine inundation of the Jameson Land area since late Permian-earliest Triassic (Surlyk, 
1990). While to the north of Jameson Land, the Late Bajocian – Hauterivian time represented the 
main Mesozoic rift phase, the Jameson Land was not further faulted and was rather dominated by 
asymmetrical subsidence through slight tilting (Surlyk, 2003). 

2.3 Cenozoic history 

Eocene North Atlantic breakup and associated magmatism 
The rifting eventually led to the opening of the North Atlantic Ocean, c. 55 Ma ago and was 

accompanied by extensive magmatism which lasted over 36 Ma and affected the East coast of 
Greenland over 2 400 km long. The Palaeogene North Atlantic Province ranks among the largest 
igneous provinces in the world (Brooks, 2011; Bryan and Ernst, 2008) with large areal extent and 
volume of igneous material intruded and extruded during several magmatic pulses. In the Jameson 
Land, these are recorded over four major time spans; pre-, syn-, and post-break-up magmatic events. 
The earliest igneous activity started around c. 62 Ma, reflecting the crossing of the Icelandic mantle 
plume in the area but the most voluminous activity occurred during the continental break-up at c. 
56-55 Ma, with the effusion of flood basalts over an area of 65 000 km2 and attaining a thickness up 
to 7 km (Brooks, 2011). Sill complexes and dike swarms later intruded the Jameson Land Basin 
between 53 and 47 Ma, probably reflecting the passage of East Greenland over the Icelandic plume 
and/or a failed attempted shift of the spreading axis to the west (Hald and Tegner, 2000; Larsen and 
Marcussen, 1992). At 47 Ma, the spreading took place obliquely along the newly-formed and present-
day mid-oceanic Kolbeinsey Ridge (Blischke et al., 2016). In Late Eocene-Oligocene time, the 
northern part of the basin was intruded by alkaline to peralkaline plutons along a NE-SW trend, 
coevally with the plate reorganization of the North Atlantic marking the end of spreading in the 
Labrador Sea and along the initial spreading Aegir ridge (Blischke et al., 2016; Brooks et al., 2004).  

Miocene Uplift 
In Miocene time the area was affected by an uplift of 1 km and even more in the northern part 

of the basin, leading to the erosion of 2-3 km of rocks (Mathiesen et al., 2000). The uplift, erosion 
and cooling of the northern part of the basin is coeval with the plate reorganization of the North 
Atlantic that resulted in a change of the spreading axis position around 25 Ma (Hansen et al., 2001). 
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3. Mineral exploration in the Jameson Land 
Basin 

3.1 Exploration history 

Mineral exploration in Jameson Land, central East Greenland started in the 19th century with 
the first recorded European expedition to East Greenland (Jameson, 1823). The first systematic 
mineral exploration work was conducted during the “Danish three-year expedition” to East 
Greenland from 1931 to 1934 (Eklund, 1944; Koch, 1955) and expeditions continued after the 
WWII, led by Lauge Koch from 1947 to 1958 (Koch, 1963). From 1952 to 1984, extensive 
exploration was carried out by the Danish exploration and mining company Nordisk Mineselskab 
A/S who was granted in 1952 a 50-years exclusive exploration and exploitation license for many 
commodities in central East Greenland. This led to the discovery and exploitation of the only mine 
of East Greenland, the Pb-Zn Blyklippen mine (Mesters Vig; Witzig, 1954), from 1956-1962; and 
to the discovery in 1954 of the world-class Malmbjerg Mo deposit (Bearth, 1959). All known mineral 
occurrences found during Nordisk Mineselskab A/S’ work were inventoried in Harpøth et al. (1986). 
Since this inventory was published, several companies have been involved in the exploration of 
different commodities across the Jameson Land Basin such as:  

 Joint Pasminco Exploration/Nunaoil A/S venture who explored for several commodities 
in Mesters Vig, Bredehorn, Schuchert Dal and Wegener Halvø (Wright et al., 1992); 

 RTZ Mining and exploration Ltd for exploration of Cu-Ni-Platinium Group Elements in 
northern and southern Jameson Land and at Kap Brewster (Coppard, 1991); 

 the joint-venture Nordisk Minelskab/AMAX, International Molybdenum Plc (InterMoly), 
Quadra Mining Ltd and KGHM Polaska Miedz successively performed exploration at the 
Malmbjerg Mo porphyry, leading to two feasibility studies completed in 2005 (Thomassen, 
2005) and 2008 (Greenland Resources Inc, 2018) before the project was acquired in 2018 
by Greenland Resources Inc.;  

 China-Nordic Mining Ltd., owning an exploration license for sedimentary-hosted Zn-Ag-
Cu in Wegener Halvø since 2007; 

 Iron Bark A/S and Iron Bark Zinc Ltd, exploring for base metals in the Mesters Vig area 
since 2007; 

 Avannaa Resources Ltd, a Danish exploration company acquired several exploration 
licenses in 2010 and 2012 in the eastern and western margins of the Jameson Land Basin, 
targeting sedimentary-hosted Cu mineralization. In 2012, the new company Jameson Land 
Resources A/S arose from the joint venture between Avannaa Resources Ltd and Anglo 
American Exploration and started to operate the Central East Greenland Copper project 
(CEGC). After field prospection and the acquisition of geophysical data, the company led 
in 2014 a diamond-drilling campaign of 8 drillholes of a total length of 1 807 m in the 
Klitdal area and successively released the license in the area.  

 Greenfield Resources Ltd, an Australian exploration incubator acquired exploration licenses 
in December 2017 and January 2018 in the northeastern and northwestern part of the 
Jameson Land Basin. 

At the date of May 2018, several mineral exploration licenses are granted to five different 
companies in the Jameson Land region (Figure 8). 
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Figure 8. Mineral and hydrocarbon licensing status at the 07/05/2018 in the Jameson Land area. Licensing 
updates can be seen on the interactive NunaGIS map of the Government of Greenland website: http://licence-
map.bmp.gl/. CNMC: China-Nordic Mining Company; CGRG: Czech Geological Research Group. 

3.2 Mineral occurrences 

This section presents the mineral occurrences hosted within the Jameson Land Basin and pays 
particular attention to its eastern margin. The major mineral occurrences are summarized in Table 1, 
which shows the main mineralization occurrences according to their host-rock lithostratigraphy and 
outcrop localities (Figure 3). The following descriptions are based on the comprehensive inventory 
made by Harpøth et al. (1986) on the mineral occurrences in East Greenland, on later publications 
and exploration reports. The occurrences are classified into four types (Brethes et al., 2018, paper I 
in this thesis):  

a. the intrusion-related mineralization, within Caledonian intrusives and Palaeogene intrusive 
complexes or in adjacent rocks due to contact metamorphism (skarns) (a, b and c in Figure 
3 and Table 1);  

b. stratabound and/or stratiform base metal, silver and uranium mineralization within red-bed 
sequences or carbonates and black shales horizons occurring at various stratigraphic levels 
across the basin (e, g, i, j, k and l in Figure 3 and Table 1); 

c. stratabound and structurally-controlled mineralization manifesting as large volumes of barite 
associated with base metals (d in Oksedal, e, and g in Figure 3 and Table 1); and as base 
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metal bearing veins associated N160-180-oriented fault zones in Oksedal and Bredehorn (d 
and e in Figure 3 and Table 1).  

d. structurally-controlled, mainly base metal vein type mineralization within Upper 
Carboniferous – Upper Permian sediments associated with extensional structures along the 
western margin of the basin, or within Caledonian to Devonian rocks.  

Caledonian basement - Lower Palaeozoic rocks  
In Liverpool Land (Figure 3), various structurally-controlled and intrusion-related sulfide 

mineralizations occur in Mesoproterozoic metasedimentary rocks and Caledonian intrusives. In 
Wegener Halvø and Canning Land, base metal veins are common in the rocks from Upper 
Proterozoic, Cambrian and Devonian age, as well as within the Caledonian Kap Wardlaw granite 
(Figure 3i and j, respectively). They are controlled by N165-180 and N120-oriented conjugate shear 
faults, with sinistral and dextral components, respectively (Harpøth et al., 1986). Since the veins cut 
Middle Devonian rocks but not Carboniferous or younger rocks, they were interpreted to be of 
Upper Devonian age (Harpøth et al., 1986).  

Upper Palaeozoic sedimentary rocks  
Mineral occurrences are widespread in Carboniferous and Upper Permian sedimentary rocks 

along the western and eastern margins of the basin (Figure 9), and occur both stratabound and 
structurally-controlled (Table 1).  

Western margin 

In the Gurreholm Dal area (Figure 3f), scattered barite-calcite-fluorite veins with up to several 
percents Pb, Zn, Cu and Ba and up to 500 ppm Ag and Mo, occur in Carboniferous rocks along a 
N-S-oriented, 20 km long fault zone belonging to the Stauning Alper Fault (Harpøth et al., 1986). 
The veins are arranged in an en-echelon pattern suggesting a horizontal sinistral component and are 
associated with tensional regimes related to post-Devonian faulting (Harpøth et al., 1986).  

The Mesters Vig area, located in the northern part of the Jameson Land Basin, north of the 
Werner Bjerge intrusive complex (Figure 3d), is known for hosting the only ore deposit that has been 
mined in East Greenland. The Blyklippen mine produced 545 000 t of ore between 1956 and 1962 
with 9.3 % Pb and 9.9 % Zn and still has unexploited resources (Harpøth et al., 1986). This area was 
investigated by Witzig (1954), Swiatecki (1981) and is still under exploitation licence (Figure 8). The 
area is dominated by a 4 km-wide and 15 km-long NNW-SSE-trending graben structure, filled with 
Upper Carboniferous continental deposits, unconformably overlain by Upper Permian marine 
sedimentary rocks and Lower Triassic shales that are only preserved within the graben. 

Mineralization occurs over an area of 300 km2 as epithermal sulfide-bearing veins, mainly 
comprising quartz, barite, galena and sphalerite with minor calcite, pyrite and chalcopyrite. The 
epithermal veins can be up to 1000 m long and 70 m wide, and are widespread over Mesters Vig but 
two major vein zones occur along the border faults on both sides of the graben. The mineralization 
phase is thought to be Tertiary in age and related to hydrothermal activity associated with the 
Palaeogene alkaline intrusive complexes (Figure 3b and c). However, a first mineralizing phase in 
Permian was also postulated since quartz veins have not been observed in stratigraphic layers above 
Upper Permian rocks (Harpøth et al., 1986). 
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In the Bredehorn area (Figure 3e), stratabound zebra-type barite mineralization occurs as 
alternating mm-thick layers of white and grey barite in the Upper Permian carbonates of the 
Karstryggen Formation. This mineralization is associated with galena occurring in the basal part of 
the limestones and is concentrated in N160-180-oriented fault zones, within which are also hosted 
massive barite-quartz-galena(-sphalerite) veins (Harpøth et al., 1986). Harpøth et al. (1986) estimated 
the overall barite ore reserves to several million tons. Similar mineralization is also observed in the 
Oksedal valley, located to the southeast of Mesters Vig (Figure 3d), along with a mineralized vein 
that can be followed over 500 m, parallel to a N160-oriented normal fault. Up to 30 m wide, this 
vein consists of quartz and barite and patches of galena and sphalerite (Harpøth et al., 1986).  

Along the eastern side of Schuchert Dal (Figure 3h), Pb-Cu bearing quartz veins occur over 
15 km of length. They mostly occur as N45-60-oriented veinlets within an up to 80-100 m wide, 
N-S-oriented, east-dipping normal fault zone (Harpøth et al., 1986). 

West of Schuchert Dal, in the Karstryggen area (Figure 3g), extensive stratabound celestite 
mineralization occurs over an area of 80 km2 and base metal (Pb-Zn, Cu) mineralization is found 
both stratabound and structurally controlled. Mineralization occurs as hydrozincite (Zn carbonate), 
and may be accompanied by sphalerite and galena, within the carbonates of the Karstryggen 
Formation close to a karstic paleosurface marking the transition with the overlying Wegener Halvø 
Formation. Mineralization occurs in stylolites, along joints and as matrix fill in the karst breccia 
(Wright et al., 1992). Wright et al. (1992) correlated the occurrence of the zinc mineralization 
occurring southeast of Revdal with lamprophyre dikes mapped by Larsen et al. (1990). These dikes 
were described by Larsen et al. (1990) to intrude the Carboniferous rocks and terminate in the base 
of the Upper Permian carbonates within which they are found as fragments. However, these dikes 
were dated with K-Ar on biotite at c. 47 ± 2 Ma and were interpreted to have chilled and crystallized 
at the base of the water-rich Upper Permian carbonates (Larsen et al., 1990). Wright et al. (1992) 
suggested that metal-rich fluids migrated into the carbonates driven by the lamprophyre intrusions 
and precipitated into joints. Stratigraphic permeability barriers would have limited the vertical 
migration of fluids, favoring Zn precipitation along lithological boundaries. 

 
Figure 9. Schematic lateral variation facies and base metal occurrences in the Upper Permian and Lower 
Triassic sedimentary succession along a W-E section of Jameson Land Basin (modified by Avannaa Resources 
from Clemmensen, 1980). 

Eastern margin

Along the eastern margin of the basin, Upper Paleozoic sedimentary rocks are only exposed in 
Wegener Halvø and in the southern part of Canning Land (Figure 3i and j). In Wegener Halvø 
(Figure 3i), stratabound and stratiform base metal mineralization occurs almost within the entire 
Upper Permian sedimentary sequence (Table 1).  
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Although the basal conglomerate-sandstone of the Huledal Formation hosts significant Cu-
Pb mineralization to the north of the Jameson Land Basin, only minor mineralization occurrences are 
found in the eastern margin of the basin in Caning Land (Harpøth, 1982).  

In the Karstryggen Formation, disseminated and massive tennantite, chalcopyrite and 
bornite mineralization associated with brecciation and dolomitisation were observed at the base of 
the carbonate sequence controlled by NW-trending faults with concentrations up to 45.2 % Cu in 
bornite samples (Thomassen and Rink, 2013). 

In the Wegener Halvø Formation, Cu, Pb, Zn, Ba and Ag mineralizations mainly occur 
stratabound in the 150 m to 200 m thick massive limestone. The main ore minerals are chalcopyrite, 
galena, sphalerite, tennantite-tetrahedrite and pyrite. Samples indicate an average concentration of 
0.5 % Cu, 0.2 % Pb and 0.1 % Zn (Harpøth et al., 1986). Mineralization can be associated with sub-
vertical barite veins emplaced in the limestone along N-S-striking faults and joints or scattered in 
several meters wide, N140-160-oriented breccia zones, interpreted to control the mineralization by 
acting as fluid pathways (Harpøth et al., 1986; Pedersen, 2000, 1997a; Thomassen and Rink, 2013).  

Within the Ravnefjeld Formation, mineralization is widespread and found inside an area of 
almost 50 km2 in Wegener Halvø, in the lowermost 15 m of the formation, at the contact with the 
carbonates. Mineralization is found in incursions of carbonate debris-flow coming from the 
surrounding paleotopograhic highs of the Wegener Halvø Formation. The mineralization is 
dominated by Pb and Zn, and Cu occurrences increase towards the north-west but barite is absent 
(Pedersen et al., 2002). The sulfides are fine-grained, stratiform and occur as sphalerite, galena, minor 
chalcopyrite, pyrite and marcasite. They replace fossils, calcite and cement with colloform textures 
(Harpøth et al., 1986; Pedersen et al., 2002). Metal content was estimated with an average of 0,13% 
Pb, 350 ppm Zn and 200 ppm Cu (Thomassen, 1973). 

Although mineralization is stratabound in both the 
Wegener Halvø and the Ravnefjeld formations, the 
heaviest mineralized zones are found at the vicinity of the 
N-S-oriented and at least 12 km long Vimmelskaftet 
lineament (Figure 10; Pedersen, 1997b; Pedersen et al., 
2002). It occurs in the axial plane of a deep and narrow 
shale basin that has also been intruded by a Tertiary dike. 
At this location, a N-S-trending fault has been reported 
on the 1:100 000 geological map but no significant 
displacement has been noticed in the Upper-Permian 
sequence. This lineament was interpreted to be associated 
with strike-slip movement, and to have acted as a 
(probably deep-seated) zone of weakness at least until 
Tertiary (Pedersen, 1997b). This lineament, as well as 
other major faults, would have controlled the incursion 
of hydrothermal fluids.  

 

Figure 10. Mineralization model in the Upper Permian 
Wegener Halvø and Ravnefjeld formations from Pedersen et 
al. (2002). (A) “Schematic section showing the structural 
framework of the Wegener Halvø block in Upper Permian 
time”. (B) Proposed hydrothermal fluids pathway along the 
Vimmelskaftet lineament and through permeable layers, 
leading to precipitation of metals close to the contact between 
the carbonates and the shales. 
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By analogy to the Kupferschiefer deposits, base metal mineralization in Upper Permian rocks 
of Wegener Halvø was first thought to be syn-sedimentary (Harpøth et al., 1986). However, based 
on Pb and S isotopes and fluid inclusions (Pedersen, 2000, 1997b, 1997a; Pedersen and Stendal, 2000), 
Pedersen et al. (2002) suggest a different model (Figure 10). In an euxinic basin, early diagenetic 
pyrite would have precipitated from bacteriogenic sulfur, just below the sea floor. The resulting 
sulfidic brines from the pore water would have risen up along the Vimmelskaftet lineament by 
overpressure caused by the subsidence of the Wegener Halvø block into Upper-Permian sediments 
and would have been redistributed laterally out from this lineament, along permeable layers and 
radiating faults and fractures into the carbonates of Wegener Halvø Formation (Figure 11; Pedersen 
et al., 2002). 

Pedersen et al. (2002) showed that the mineralization in Wegener Halvø and Ravnefjeld 
fomations shared the same metal source but that they were introduced during two separate 
hydrothermal events. Indeed, sulfide precipitation in the shales of the Ravnefjeld Formation is 
believed to be of early diagenetic origin while mineralization in the carbonates may have taken place 
during regional heating in the Tertiary, most likely linked to the volcanic activity. 

Mesozoic sediments 
Mineralization hosted in Mesozoic sediments is mostly limited to stratiform and stratabound 

occurrences of base metals and is found in almost the entire Triassic sequence of the eastern margin 
of the Jameson Land Basin (Table 1; Figure 11).  

Figure 11. Schematic lateral variation facies and base metal occurrences in the Triassic sedimentary sequence 
along a NW-SE section across the Jameson Land Basin (modified by Avannaa Resources from Clemmensen, 
1980). 

The Middle Triassic Pingo Dal Formation, represented by arkoses and conglomerates, 
presents the most significant mineralization at two locations in Wegener Halvø (Figure 3i). Sulfides
mainly occur as argentiferous chalcocite-covellite and galena within permeable layers at the boundary 
between reduced and oxidized beds. In the southern part of Wegener Halvø, Cu-mineralized beds 
show concentrations of 0.1-1.0 % Cu and 5-80 ppm Ag and Pb-mineralized beds, concentrations of 
2.0-2.5 % Pb (Harpøth et al., 1986 and ref. therein). In the northern part of Wegener Halvø, more 
lateral zonation is observed, with chalcopyrite-pyrite to the north and chalcocite-galena to the south, 
with concentrations up to 7 % Cu (Thomassen, 1980) and 615 ppm Ag (Thomassen and Rink, 2013). 
Due to the presence of ore minerals in sandstone cements, the mineralization is believed to be 



20 

 

diagenetic with later remobilization of sulfides into massive veins and lenses cross-cutting the 
stratigraphy (Harpøth et al., 1986). 

Floats of similar mineralization were found at Tait Bjerg (Figure 3k) and in Klitdal (Figure 3l) 
in arkoses and conglomerates affected by intense clay-alteration (Thomassen et al., 2014; Thomassen 
and Rink, 2013). Furthermore, Thomassen et al. (2014) reported native Cu and Ag occurring in 
granitic conglomeratic pebbles in the Klitdal area. Disseminations of chalcocite also occur further to 
the south, where it is accompanied by hematite and clay alteration at the vicinity of a WNW-ESE-
trending dike (Thomassen et al., 2014).  

The overlying Gipsdalen Formation hosts several stratiform base metal mineralized layers. In 
the black shale/limestone of the Gråklint beds, fine-grained Pb-Zn-Cu disseminated sulfides are 
found persistently over a c. 500 km2 area (Harpøth et al., 1986; Thomassen, 2012; Thomassen et al., 
2014, 1982; Thomassen and Rink, 2013), but show modest concentrations (Thomassen et al., 1982). 
The base of the Kap Seaforth Member hosts chalcocite mineralization both as dissemination in the 
sandstone cement, controlled by redox boundaries at the contact with organic-rich black shales; and 
as replacement of plant fragments (Harpøth et al., 1986; Thomassen et al., 2014). Minor 
disseminations of Pb-Cu sulfides also occur within several other horizons of the Gipsdalen Formation 
(Harpøth et al., 1986). 

The overlying the Fleming Fjord Formation also hosts several mineralized horizons. The 
Edderfugledal Member displays chalcocite-mineralized horizons with a lateral persistency over 
c. 1000 km2 and average concentrations of c. 0.2 % Cu (Harpøth et al., 1986; Thomassen et al., 
1982). The Ørsted Dal Member is mineralized over the same extent than the Edderfugledal Member 
with native copper, copper arsenides and chalcocite, and with lower concentrations of c. 0.05 % Cu 
(Thomassen et al., 1982). 

In the western margin of the basin, very few mineralization occurrences are found within the 
Triassic sequence but recent field investigations revealed Cu-(Pb) mineralization occurring both 
stratabound in bleached and baked sedimentary rocks at the margins of mafic sills and dikes 
(Thomassen and Rehnström, 2014).  

Jurassic-Cenozoic 
Mineralization in the Jurassic sediments is limited to pyritic black shales and iron skarns found 

at the margins of sills intruded in the sedimentary sequence.  

Tertiary sills and dikes in the northern and southern parts of Jameson Land were subject to 
investigations in 1991 for their potential for magmatic segregations of massive sulfide containing Cu-
Ni-PGE mineralization but no major findings were reported (Coppard, 1991). 

In the northern part of the basin, the late Cenozoic intrusions of the Werner Bjerge complex 
host a major porphyry-type Mo mineralization mainly represented by the Malm Bjerg deposit (Figure 
3c). Among the world’s largest Climax-type Mo deposits, Malm Bjerg has measured and indicated 
resources of 217 Mt at a grade of 0.20 % MoS2 and additional inferred resources at lower cut-off 
grade (Thomassen, 2005 and references therein). This deposit is associated with a 25.7 Ma composite 
alkali granite stock, which intruded in Carboniferous sandstones. Other mineralization types are 
associated with this intrusive complex, among which Nb mineralization and Pb-Zn skarn occurrences 
(Harpøth et al., 1986). 

The importance of structural lineaments 
Pedersen and Stendal (2000) concluded from several studies conducted along the western and 

eastern margins of the Jameson Land Basin, that the post-Caledonian area of East Greenland has a 
good potential for mineral deposit formation and that more attention should be paid to the extension 
faults, wrench faults and zones of dilatation that play an essential role in the mineralization patterns. 
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4.  Geophysical and interpretation methods 

4.1 Principles of magnetic and electromagnetic surveying 

Geophysical surveys in general, measure the spatial or temporal variation of physical quantities 
(such as a magnetic field or an electrical field), which are directly related by constitutive relationships 
to the physical properties of the rocks (petrophysical properties) in the crust. Knowing the 
petrophysical properties of the rocks allows characterizing them and facilitates geological 
interpretation and mineral exploration targeting. The two next sections summarize the principles of 
the two geophysical methods used in this thesis: magnetic and time-domain electromagnetic methods. 
Both are widely used in mineral exploration (Dentith and Mudge, 2014; Parasnis, 1962) and are 
complementary as they investigate different petrophysical properties of the rocks. Both magnetic and 
electromagnetic (EM) surveying can be performed on the ground, at sea from ships, or in the air from 
fixed-wings aircrafts or helicopters (airborne or heliborne) as well as from UAVs (unmanned aerial 
vehicles) (airborne or semi-airborne; i.e. EM source on the ground and receivers in the air).  

Magnetic surveying 
In exploration geophysics, magnetic surveying investigates the magnetic properties of the rocks 

in the Earth’s crust. It is a passive method that measures the spatial variation of the strength, and 
sometimes, also the direction of the magnetic field. At any point on Earth, the magnetic field can be 
described by a vector quantity, with an amplitude or intensity quantified in units of nano Teslas [nT] 
and a direction defined by inclination and declination angles, in degrees from the horizontal plane 
and from the geographic north, respectively.  

Magnetic surveying principles 

The “magnetic field” measured during magnetic surveys, properly termed magnetic flux density, 
magnetic induction or B-field, is the result of the interaction between the Earth’s magnetic field H with 
the magnetic rocks of the crust. The inducing magnetic field H, referred as the Earth’s magnetic field, 
mainly originates from the convection occurring in the core of the Earth and resembles the dipolar 
field of a magnet bar centered with the Earth. Detailed models of the field originating from the Earth’s 
core are provided by the International Geomagnetic Reference Field (IGRF) and the Definitive 
Geomagnetic Reference Field (DGRF). External sources such as solar winds add to the Earth’s 
magnetic field, which in exceptional cases and for a short time, may contribute to up to 10 % of the 
main magnetic field. In general, magnetic surveying is avoided when strong external field variations 
are present.  

The inducing field intensity H, quantified in units of Amperes per meter [A/m], and the 
induced magnetic flux density within the crust or B-field, measured in nT, are related by the 
equation: = , where  is the magnetic permeability of the material within which B is induced. 
The magnetic permeability of a material quantifies its ability to get magnetized by an inducing field 
and is expressed in Henry per Ampere [H/A] or Volt second per Ampere meter [Vs/Am]. The 
magnetic permeability can also be described as =  , where 0 = 

-7 Vs/Am is the magnetic 
permeability in the vacuum and M is the magnetization vector in units of [A/m]. The magnetic 
permeability is, in general, a 3 by 3 tensor in order to account for magnetic anisotropy in the material 
but is most often assumed a scalar quantity in modelling, such that = r 0, where r is the relative 
magnetic permeability. 

When a material gets magnetized due to the induction of a magnetic field, its constituent 
magnetic dipole moments (or atoms) align in the direction of the applied magnetic field; adding in 
most cases to the inducing magnetic field. This phenomenon is called induced magnetization. Certain 
minerals have the ability to retain magnetization even when the inducing field is removed. This 
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phenomenon is called remanent magnetism. The remanent magnetization of these minerals has 
approximately the same direction than the paleomagnetic field they experienced at the time of cooling 
below the Curie temperature, or later, during geological processes such as metamorphism when 
certain thermal conditions are reached. However, since the paleomagnetic field may have changed 
due to secular variations and numerous polarity reversals, and since the crustal plates have moved 
during the Earth’s history, remanent magnetization directions may be very different from the present 
induced magnetization direction. Adjacent rocks of different ages may therefore display remanent 
magnetizations of different directions. The deformations the rocks underwent during their history, 
such as folding and tilting, may also have significantly changed the direction of the remanent 
magnetization compared to its initial direction when the rocks were formed. The total magnetization 
of a rock is the vector sum of its remanent and induced magnetization, which both contribute to the 
measured magnetic field, creating lateral magnetic field variations depending on the type and 
distribution of the rocks in the crust. The difference between the measured magnetic field B and the 
Earth magnetic field generated within the Earth core (e.g. IGRF or DGRF models) is called the 
anomalous field and reflects the magnetic properties of the rocks in the crust. 

In practice 

The magnetic field B is measured with a magnetometer on the ground, in the air or at sea, 
usually along parallel survey lines. Most magnetic surveys only measure the magnitude of the magnetic 
field (less commonly its direction) and the resulting data are generally referred as the total magnetic 
field intensity (TMI) and are presented in units of nT. Recordings are also often performed along less 
dense perpendicular lines (tie-lines), which cross-cut the survey lines in order to cross check the 
measured values at the intersections of the lines. A number of corrections need to be applied to the 
data, such as removing spikes in the data, removing the time variations (diurnal correction) of the 
Earth’s magnetic field, tying the field values between the survey and tie lines (tie-line levelling). 
Although modern magnetometers have accuracies of approximately 0.01 nT, the uncertainty of the 
data are significantly higher (roughly 2-5 nT in airborne survey data) due to e.g. imperfect tie-line 
levelling and diurnal corrections (Rasmussen, pers. com.). The anomalous field associated with the 
induction of the Earth’s magnetic field in the crust can be retrieved by subtracting to the measured 
field, the Earth’s main magnetic field at the time and place where the survey is performed. For this 
purpose, the IGRF and DGRF provide magnetic field models of the Earth at any point and time. 
The data are then usually gridded in order to create magnetic maps that can be used for interpretation.  

Magnetic properties of rocks 

Only a small number of minerals have the ability to become magnetized when they are exposed 
to a magnetic field. This ability is quantified by a petrophysical property called magnetic susceptibility, 
noted , and is dimensionless when using SI units. When isotropic, magnetic susceptibility is related 
to magnetic permeability through  = r – 1, where r is the relative magnetic permeability defined 
as the ratio between the magnetic permeability of a material and the magnetic permeability of free 
space such that r =   / 0.  

Clark (1997) and Dentith and Mudge (2014) provide comprehensive reviews on the magnetic 
properties of the rocks and on the geological factors controlling their magnetization. Each mineral 
behaves differently when a magnetic field is applied to it and minerals can be categorized accordingly. 
Diamagnetic minerals, such as quartz and calcite, have very weak negative susceptibilities and are 
considered non-magnetic in magnetic surveys. Most magnetic minerals are paramagnetic; i.e. their 
magnetization aligns with the direction of the inducing field but their magnetic susceptibilities is low 
and would only produce weak magnetic responses even in high resolution surveys. However, 
ferromagnetic minerals may possess a high magnetic susceptibility, producing strong magnetic responses 
in magnetic surveys. Magnetic minerals belong to the Fe and Ti oxide solution series, such as 
magnetite, hematite, ilmenite, rutile etc., as well as a few sulfides like pyrrhotite. These minerals 
usually occur as accessory minerals in rock assemblages and their concentration and grain size 
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determines the overall magnetic susceptibility of the rocks. Only ferromagnetic minerals may carry 
remanent magnetization. The typical magnetic susceptibility ranges of common minerals and rock 
types are illustrated in Figure 12. 

 
Figure 12. Typical magnetic susceptibility ranges of rocks and minerals from Dentith and Mudge, (2014). Dark 
red parts: most common ranges. 

Electromagnetic surveying  
In exploration geophysics, electromagnetic surveying allows investigating the electrical 

properties of the Earth’s subsurface, and in particular its conductivity ; typically expressed in 
Siemens/meter [S/m], characterizing the ease with which an electrical current flows through a 
medium. Electromagnetic surveying therefore permits detecting conductive material such as sulfide-
bearing rocks within more resistive host rocks. When using electromagnetic methods we are 
interested in the electromagnetic response of the subsurface to an inducting primary electromagnetic 
field, being natural (passive method), or generated (active method, known as controlled-source 
electromagnetic method). A wide variety of electromagnetic methods exist, allowing to investigate 
the Earth at various scales from laboratory measurements on rock samples to crustal/mantle scale with 
magnetotelluric methods (MT). They also cover different frequency ranges from about 10-4 Hz for 



24 

 

MT (wavelength > 1000 km) to up to 2 GHz (wavelength in the order of 0.05 m) for Ground 
Penetrating Radar (GPR). EM surveys can be performed both in the time domain and in the 
frequency domain: TEM and FEM, respectively.  

Electromagnetic surveying principles 

The fundamentals of electromagnetic surveying are ruled by the formative laws of 
electromagnetism which describe the interactions between electromagnetic waves and matter 
(Nabighian, 1991). Among these laws are the Ampere-Maxwell and Faraday’s laws, which relate 
electric current and changing electric fields to magnetic flux. The Ampere-Maxwell law states that 
any electric current or time-varying electric field creates a magnetic field. Faraday’s law of induction 
states that a time-varying magnetic field creates (induces) an electromotoric force (emf or E) in the 
nearby conductors. These laws show the self-sustaining character of the propagation of 
electromagnetic waves. 

Airborne TEM surveys: in practice 

The electromagnetic data used in this thesis originate from an airborne time-domain 
electromagnetic (ATEM) survey. In ATEM systems, the transmitter, in the form of loops of wire, 
and the receiver coils are either fixed around, or carried as a sling load from a fixed-wing aircraft or 
a helicopter (Figure 13).   

 
Figure 13. Example of the airborne time domain electromagnetic SkyTEM system carrying the acquisition 
system as a sling load, about 30 m below the helicopter. Modified from SkyTEM Surveys ApS, 2013. 

A current is injected into the transmitter loop and is abruptly turned-off (Figure 14 left), causing 
its associated electromagnetic field (called primary electromagnetic field, PMF), to decrease rapidly. 
According to Faraday’s law of induction, the time-varying PMF experienced by the nearby 
conductors of the subsurface induces an electromotoric force manifesting as ‘eddy currents’ flowing 
at the surface of the conductors, with their associated magnetic field (called secondary magnetic field, 
SMF). Due to the electrical resistivity of the ground, the eddy currents lose energy, and their 
associated magnetic field decreases, in turn inducing other eddy currents immediately inside the 
surface of the conductor, and so on so forth, thereby dissipating the energy inwards within the 
conductor. Depending on the conductors’ configuration, the induced eddy currents may not only 
dissipate inwards within the conductor, but also spread out (e.g. in the case of a homogeneous 
conductive space). As the SMF pass through the receiver coil of the aircraft, their overall amplitude 
decay induces an electromotoric force (emf, E) within the receiver coil, which is proportional to the 
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time rate of change (time derivative) of the SMF flux B passing through the area of the receiver coil 
such as: 

E = - . 

The voltage of the emf in the receiver coil, typically expressed in picoVolts [pV], may be 
measured both when the transmitter is on or off (referred as “on-time” and “off-time”, respectively), 
but is usually measured during off-time so that only the emf due to the SMF is measured (and not 
the PMF). Several receiver loops may be placed in three orthogonal directions (x, y and z) to measure 
the SMF in all directions. The emf voltage is recorded and averaged across different time intervals, 
called time gates, which duration exponentially increases from early to late time gates (Figure 14, 
right). 

Figure 14. Example of transmitter waveform (left) and typical decay curve resulting from the induction of a 
transient dipole moment (right) (from Dentith and Mudge, 2014).  

The rate of change of the emf reflects the decay of the eddy currents systems in the ground, 
which are characteristic of the conductivity, shape and size of the conductors of the ground. Assuming 
the magnetic permeability and conductivity of the subsurface to be frequency-independent, TEM 
responses to simple geological cases (uniform conductive medium, isolated conducting sphere, 
conducting thin-sheet, etc.) can be approximated as power law or exponential functions (Nabighian, 
1991). 

SkyTEM system specifications and implications for exploration 

ATEM systems have undergone considerable development in the recent years in order to 
address the different and specific needs of exploration (Fountain, 1998; Legault, 2015). Key survey 
parameters controlling the exploration results include among others, the system geometry with the 
size and position of the transmitter and receiver and the waveform of the transmitter current.  

The ATEM data used in this thesis originate from the SkyTEM system (Sørensen and Auken, 
2004), which has the particularity of having a segmented transmitter coil where two different input 
currents can be injected, characterized by the geometry, amplitude and base frequency of their 
waveform (Figure 14 and Table 2). Two different primary magnetic fields can therefore be produced 
by the transmitter loop. The strength of magnetic fields can be quantified by their magnetic dipole 
moment m, defined as the product of the number of coil turns in the transmitter loop, the input 
current peak (in Ampere) and the area of the transmitter loop (in m2). With the two current 
waveforms used, the SkyTEM system produces a low moment (LM) field and a high moment field 
(HM) (Table 2). 

The higher the current peak (amplitude), the larger is the magnetic dipole moment of the 
primary field and the better the signal-to-noise ratio will be at the receiver for the SMF originating 
from deep conductors, and therefore, the deeper will be the depth of investigation. However, the 
higher the current peak, the longer it takes to reach this value and to reach a zero value at the turn-
off. This turn-off delay time postpones the beginning of the off-time recording of the SMF to later 
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times, which may result in a loss of resolution of near-surface conductors. Furthermore, a sharper 
turn-off creates a more impulse excitation of the ground resulting in a signal containing more high-
frequencies.  

 

Table 2. Characteristics of the transmitter setup of the SkyTEM survey (SkyTEM Surveys ApS, 2013). LM: 
low moment, HM: high moment. 

LM HM 

NUMBER OF TURNS 1 8 

PEAK CURRENT 9.2 A 115.3 A 

PEAK MOMENT ~ 4900 NIA ~ 500 000 NIA 

BASE FREQUENCY 225 Hz 25 Hz 

ON-TIME DURATION 800 μs 5000 μs 

TURN-OFF DELAY 
TIME 

10 μs 220 μs 

OFF-TIME DURATION 1422 μs 15000 μs 

 

The base frequency of the current waveform; i.e. its repetition rate, is a critical parameter for 
conductor detection. A low base frequency implies a longer off-time recording, allowing resolving 
good conductors characterized by long decaying responses of the current systems. A high base 
frequency and a faster turn-off allow recording at earlier time gates, thereby resolving near surface 
features and poor-quality conductors as they exhibit faster decaying responses. In the case of airborne 
surveys, the higher the base frequency, the shorter the on-off cycle is, implying that the lateral 
resolution along the flight lines is greater as more measurements can be made within a given distance. 
Furthermore, this base frequency also partly controls the frequency content of the signal recorded in 
the receiver.  

The dual moment configuration of the SkyTEM system allows producing a low moment 
magnetic field to investigate shallow depths with high resolution; as well as producing a high moment 
magnetic field to investigate at great depths (Sørensen and Auken, 2004).  

As for any geophysical survey, survey-specific corrections and processing need to be applied to 
the data to provide a data set suitable for modelling and interpretation. The data need to be filtered 
in order to remove outliers and signal to noise ratio is improved by stacking/averaging of data from 
adjacent transient curves along the flight lines.  

Rock properties 

There exist several processes to drive electrical charges from one point to another and the 
dominating mechanism is electrical conduction, characterized by the electrical conductivity ; i.e. 
the movement of electrical charges via free charge carriers. We distinguish two types of conduction: 

 the electronic conduction, via electrons in solids, liquids or gases through the movement 
of loosely bound outer-shell electrons, as it takes place within most metals. The circulation 
of electrons occurs through the conductive minerals of the rock matrix, and the electrical 
conductivity of a rock therefore depends on its metallic concentration, and on its 
mineralogical texture; i.e. how the metallic particles are connected to one another. Indeed, 
for the same concentration of sulfides, rocks containing disseminated sulfides will tend to 
have a lower conductivity than rocks bearing vein-type mineralization (Dentith and 
Mudge, 2014). Graphite displays a good electronic conductivity but common rock-forming 
minerals such as quartz, feldspar, or carbonate minerals behave as insulators (Figure 15).  
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 the ionic conduction, via the circulation of ions in liquids and gases through the 
interconnected pore space of the rocks. The electrical conductivity of the rocks therefore 
depends on the electrolyte (its type, concentration and temperature), on the mobility of the 
ions, and on the porosity, interconnectivity, tortuosity and saturation of the pore space. 
Therefore, geological processes occurring after the formation of the rocks such as 
compaction, diagenesis, silicification, metamorphism, weathering, etc., can affect the rocks’ 
porosity and thereby their conductivity.  

Ionic conduction is the dominating conduction process within the rocks of the uppermost crust 
and therefore, conductivity does not primarily reflect the lithology of the rocks, but rather the degree 
of interconnectivity between their conductive constituents. As illustrated in Figure 15, the 
conductivity of rocks and minerals ranges over 22 orders of magnitude with most rocks behaving as 
semi-conductors with a resistivity decreasing with increasing temperatures (Parasnis, 1962).  

 
Figure 15. Ranges of conductivity/resistivity for various subsurface materials. From Dentith and Mudge, 2014. 

Induced Polarization  

In some cases, the conduction of the electrical current via the movement of electrons or ions 
may be slowed down or interrupted due to the presence of barriers in the pore space, which cause 
charges of opposite polarity to accumulate on either sides of the barrier. The barrier therefore becomes 
electrically polarized, creating a capacitor-like configuration. The physical property describing the 
ability of a medium to store electrical charges is called chargeability and the estimation of rocks’ 
chargeability can be performed by Induced Polarization surveys (IP surveys). In geophysical 
exploration, identifying areas of high chargeability in the subsurface is important as they may be 
associated with the presence of metallic particles.  
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There exist two main phenomena that explain the electrical polarization of rocks:  

 the membrane or electrolytic polarization, which occurs when the pores in the rock 
are too narrow and prevent ions to move through the pore fluids, causing electrical charges
of opposite polarity to accumulate across the barrier (Figure 16a). This behavior may be 
triggered by the presence of clays or other fibrous minerals such as phyllosilicates, due to 
their negatively charged surface attracting positive ions, which accumulation may block the 
pore space (Figure 16b; Sumner, 1976). 

 The grain or electrode polarization, which occurs when conductive grains like sulfide 
minerals block the pore space and become polarized as opposite charges accumulate on 
either sides of the grain (Figure 16c).  

 

In arctic terrains, these phenomena can also be caused by permafrost (Kozhevnikov and 
Antonov, 2012; Kwan et al., 2015a; Smith and Klein, 1996). Smith and Klein (1996) list possible 
source mechanisms for IP effects in permafrost terrains such as: a dielectric effect due to ice inclusions; 
electrolyte polarization in the unfrozen pore water part of the permafrost terrain; charge accumulation 
at the frozen/unfrozen interface due to the difference in conduction processes in the two media; 
electrolyte polarization in the thawed active layer at the surface of the permafrost terrain; or to a 
combination of these.  

 
Figure 16. Electrical charging (left) and discharging (right) during the Induced Polarization phenomena. (a and 
b) membrane polarization due to pore narrowing and the presence of clay and fibrous mineral grains; and (c) 
grain polarization due to a conductive metallic mineral (adapted from Dentith and Mudge, 2014). 

IP phenomena occur when the rocks are under the influence of an electrical current (Figure 
16, left) and when the latter stops, or flows in the reverse direction, the electrical particles which 
accumulated at the pore space barriers discharge in the opposite direction (Figure 16, right column). 
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The amplitude of these phenomena is dependent on the frequency of the current applied to the 
system.  

IP effects in TEM data 

Typical EM systems work with signals in the low frequency range, between 10 Hz and 10 kHz 
and under these conditions the conductivity of the ground is assumed to be frequency independent 
(Nabighian, 1991).  

Induced Polarization can be created when an electrical current is directly applied to the ground 
via metal electrodes as in IP surveys, but may also be generated by the electromotoric forces (eddy 
currents), that are induced in the subsurface conductors during EM surveys. In the latter case, the 
current systems occurring in the ground can be decomposed into two (Smith et al., 1988): a 
fundamental induced current; i.e. the same current as occurring in unpolarizable grounds; and a 
polarization current, flowing in the opposite direction than the fundamental current. The effect of 
the reverse polarization current adds to the amplitude decay of the fundamental induced current, 
resulting in a very fast decay of the voltage measured in the receiver coil, sometimes leading to 
negative voltage values.  

As the polarization current is usually much smaller than the fundamental current, the inductive 
response of a realistically weak polarizable ground is only distinguishable from the response of an 
unpolarizable ground if favorable conditions are met so that the measured induced currents are greater 
than the fundamental current. These conditions include: a fast decay of the fundamental induced 
current, a good coupling between the transmitter loop and the polarizable body, and between the 
current systems in the conductor and the receiver coil (Nabighian, 1991 and ref. therein). 

Consequences of the presence of IP effects in TEM data 

While IP surveying constitutes an exploration method by itself, IP effects in TEM data IP effects 
in TEM data are usually considered as noise since even small polarization currents may seriously 
impair the electrical conductivity modelled from the data (Raiche et al., 1985). In resistive terrains, 
the presence of IP effects may manifest by the presence of negative values in the data, which can be 
identified and removed. However, in more conductive terrains, the fundamental currents do not 
decay as fast as in resistive terrains. Therefore, IP effects do not necessarily manifest as negative 
transients and may not be easily discernable. IP effects removal from TEM data is a necessity in order 
to retrieve the actual conductivity of rocks. A common procedure for this is to model the TEM data 
using models that take into account the frequency dependence of the conductivity, such as the Cole-
Cole relaxation model described by Pelton et al. (1978) (Kwan et al., 2015a; Viezzoli et al., 2017, 
2015). Although IP effects in TEM data have so far mostly been considered as noise, inductively 
induced polarization may also be used to map chargeable bodies, e.g. for mineral exploration (Kang 
and Oldenburg, 2015; Kwan et al., 2015b) or for mine tailing monitoring (Smith et al., 2008). 

4.2 Geological interpretation of geophysical data 

This section provides a general background about the methods used for geophysical data 
interpretation in this thesis, while specific details are found in the appended papers. 

Delineating magnetic anomalies 
In mineral exploration, magnetic surveying is very useful for direct targeting in geological 

settings where the mineralization is itself magnetic or associated with magnetic rocks. However, even 
in cases where nor the mineralization, nor the host rock are strongly magnetic, magnetic data remain 
of great help for indirect targeting where they can be used for geological mapping (e.g. structures, 
alteration, metamorphism, etc.) (Dentith and Mudge, 2014). Hence, a lot of information can be 
extracted from magnetic data before performing quantitative interpretation by means of forward and 
inverse modelling. Furthermore, the enhancement of magnetic data using filters or gradient 
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decomposition allows highlighting specific geological features. In the appended papers of this thesis, 
vertical and horizontal derivatives as well as combinations of these (e.g. tilt-derivative, analytic signal) 
were used. The display of these data using a shaded relief usually helps the identification of anomalies, 
which in turn can be delineated within a GIS program. Their interpretation then relies in their 
comparison with all available geological and petrophysical data derived from literature compilation, 
field mapping and measurements, respectively.  

Analyzing decay curves of transient TEM data 
Transient time-domain EM responses often exhibit exponential or power-law decays, which 

rate provides information about the geometry and the quality of the conductors of the subsurface. 
While good conductors display slow decays as currents flow within them for a long time; poor 
conductors display faster decays due to the energy loss of the currents in resistive material and to a 
faster geometrical spreading (Figure 17). The propagation velocity of the current systems is 
proportional to the square root of the resistivity, hence, very resistive structures are almost 
“transparent” and difficult to detect.  

 
Figure 17. Example of the electromotoric force decays (emf; or voltage measured in the receiver coil of the 
TEM system) across time t, for good and poor conductors (from Nabighian, 1991). 

The manuscript IV appended to this thesis proposes a method where numerical parameters that 
describe the TEM response curves are extracted from the data and analyzed using self-organizing 
maps. Aside from direct qualitative interpretation of the decay curves, the data can be inverted to 
create conductivity models of the subsurface. 

Modelling 
Geophysical data can also be interpreted quantitatively, where the objective is to relate physical 

parameters of the subsurface, defining a model m, to a set of observations called data d. Models and 
data can be related by mathematical functions G that best approximate natural physical processes such 
as:  ( ) = . 

Contrary to the physics of electromagnetics which is non-linear by nature, the physics of 
potential fields (magnetic and gravity) is linear. However, when modelling potential field data using 
complex model grids describing the physical properties of the subsurface with geometrical constraints, 
the problem becomes non-linear.  

From the equation above, three main problems may be solved: the forward, the inverse and 
the model identification problems. The forward problem consists in calculating the data that would 
be produced given a model of physical parameters while the inverse problem consists in retrieving a 
model of physical properties given a set of data (Figure 18). Finally, the model identification problem 
aims at determining the function G that relates the data to the model of physical parameters.  
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Figure 18. Illustration of forward and inverse modelling. 

Inverse problems are difficult to handle for three main reasons: (1) a solution may not exist; (2) 
solutions may be non-unique; and (3) solutions may be unstable (Aster et al., 2003).  

1. There may be no model that fits the data because the mathematical model of the physics is an 
approximation of the physics or because data contain errors. Uncertainties on the models and 
errors in the data need to be understood in order to evaluate the robustness of a solution. 

2. If a solution exists, it may be non-unique, and an infinite number of models may be acceptable 
with respect to the fitting of the data. This statement is true for both geophysical and geological 
models. Indeed, while geological models may be constrained in their shallowest part, uncertain 
interpretations are inherent to the interpretative nature of geological reasoning (Frodeman, 
1995). A priori information in the form of geological or petrophysical constraints from outcrop 
or drilling data, or from the integration of multi-disciplinary datasets are key to restrain the 
infinite solutions of geophysical models during the modelling process and to reduce ambiguity 
and uncertainties in the models.  

3. Furthermore, the solution may be unstable, as a small change in the data may cause enormous 
changes in the inverted model: the problem is said to be ill-conditioned, or ill-posed. 
Constraints may be imposed to the inversion in order to stabilize it, e.g. by forcing the inversion 
process to minimize the size of the model or maximize the smoothness of the model 
(regularization; Tikhonov, 1963). The stability of a problem can be evaluated by performing a 
sensitivity analysis; i.e. evaluating the sensitivity of the output model to the initial parameters 
(McGillivray and Oldenburg, 1990). A way to perform this sensitivity analysis in both 
geological and geophysical modelling, is to investigate the model space by perturbing an initial 
model, producing a suite of alternative and acceptable models, and evaluating the differences 
in the produced solutions (Jessell et al., 2010; Lindsay et al., 2014, 2013b, 2013a; Wellmann et 
al., 2014). This type of sensitivity analysis approach can be performed when modelling 
geophysical data within a geological framework, but is still not a common practice. Rather than 
accepting a single model from the geophysical inversion process, multiple geological scenarios 
derived from the same geological observations can be manually constructed to assess the 
influence of geological variability on geophysical responses, allowing to evaluate where 
uncertainties lie within their interpretation (Armit et al., 2014; Blaikie et al., 2014).  

Magnetic data modelling using VPmg 

Classical inversions of magnetic data allow retrieving 2D or 3D models of the magnetic 
susceptibility distribution of the subsurface (Li and Oldenburg, 1996). In addition to this, the VPmg 
code (Fullagar and Pears, 2007) allows to model the upper and lower contacts of geological units that 
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are assigned a magnetic susceptibility. This can be performed within the geological modelling software 
Gocad commercialized by Paradigm, which permits to apply geological constraints during the 
inversion process, such as drillhole intersections. This type of modelling is used in the appended paper 
3 of this thesis to constrain the architecture of the eastern margin of the Jameson Land Basin. 

4.3 Multivariate data analysis using Self-Organizing Maps 

The self-organizing map (SOM) (Kohonen, 2013, 2001) approach is widely used in data-
mining to extract knowledge out of the data and to define patterns and models from them, which 
can in turn be used for predictive modelling. SOM belong to the unsupervised category of data 
mining techniques, meaning that there is no predefined data features in the classification procedure 
(no human input). SOM are used to analyze multivariate data, find how similar or dissimilar they are 
from one another and identify ‘hidden’ relationships between them. Furthermore, SOM facilitate the 
visualization of these multidimensional data (data with several variables) by displaying them onto a 
2D map based on their resemblance, thereby reducing the dimensionality of the data to two 
dimensions.  

The map in SOM is a regular 2D grid composed of x cells, each representing a portion of the 
data (like a model). The data are sample points, characterized by n variables (properties). The purpose 
and particularity of this “map” is that it is organized in a way that it displays the similarities and 
dissimilarities between the data based on their variables. Similar data are plotted in adjacent cells 
whereas dissimilar data are plotted away from each other. This map is self-organized because the 
SOM algorithm is unsupervised and the data get organized by the algorithm. 

The representation of multidimensional data onto the 2D SOM is performed in several steps:  

1. Vector quantization (Figure 19a): each data point (sample) is quantified as an n-dimensional 
vector; which can be plotted in n dimensions, provided that each axis in the n-D space 
represents one variable of the data. In order to analyze data of the same order of magnitude, 
the data may first be normalized by their range or their variance. 

2. Randomization: model vectors (called code vectors) are created in equal amount than there 
are SOM cells. These vectors are randomized so they occupy each cell of the SOM space.  

3. Training (Figure 19b): code vectors are updated so that they fit the data vectors. This is 
performed in two iterative steps using nearest neighborhood functions. During the 
competitive learning step, the code vectors move towards the data vectors. In the cooperative 
step, both the code vectors and its neighbouring code vectors move towards the data vectors. 
After several iterations, the code vectors should provide a good approximation of a set of data 
vectors and be organized on the map to reflect their similarity. 

4. Plotting and further analysis: several types of outputs can be generated from a SOM 
analysis. The classical SOM view is the unified distance matrix ‘U-matrix’ (Figure 19c; 
Vesanto et al., 2000) where the Euclidian distance between the adjacent code vectors is color-
coded. SOM results are also often presented as component maps (Figure 19d), in equal amount 
than there are input data variables. Each component map displays with a colorscale the values 
of a given variable on the same 2D grid. The comparison of the values at a same location 
between several component maps allows comparing the data. Various types of analyses can 
then be performed on the SOM results, such as clustering, in order to group the code vectors 
based on their attributes; or, if geographical information regarding the location of the data was 
preserved, a spatial analysis. This can be done by plotting the SOM results back into the 
geographical space, such as performed in the manuscript IV appended to this thesis. In this 
work, the SOM analysis was done using the program SiroSOM commercialized by the 
CSIRO (Fraser and Dickson, 2007). 
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Figure 19. Illustration of the SOM process. (a) Vector quantization: each data point is considered as a vector 
in a n-dimensional space (with n the number of data variables: only 3 in this example) based on the values of 
its variables; (b) Training phase: code vectors (in black) are moved towards a group of data vectors (in colour); 
(c) Plotting: non-linear projection of the code vectors onto a 2D grid in an organized manner such that similar 
code vectors representing similar data are plotted in adjacent cells and dissimilar vectors are plotted far from 
each other. The U-matrix represents with a colorscale the Euclidian distance between the code vectors plotted 
in adjacent cells. (d) Component maps showing the values of 3 variables of the data using the same space than 
the U-matrix. Areas circled in red, blue or yellow on the different component maps and on the U-matrix refer 
to the same data points. Modified after Fraser and Dickson (2006). 
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5. Data 

5.1 3D-Photogeology 

GEUS is equipped with a 3D-stereoplotter allowing to perform accurate photomapping from 
aerial and oblique photos (Sørensen and Dueholm, 2018). The photos used for the present study 
cover the eastern margin of the basin and have a pixel size in the centre of each image of 27 × 27 cm 
(Thorning et al., 2014). The 3D photomapping work in this thesis was performed with the program 
SOCET-SET and the module SOCET for ArcGIS that creates a dynamic link between SOCET and 
ArcGIS. Geological features such as stratigraphic beddings, fault, fractures, sills and dikes are digitized as 
3D polylines and edited in the ArcGIS environment (Figure 20, left) and can later be imported into other 
softwares such as the 3D modelling platform Gocad (Figure 20, right). 

 
Figure 20. 3D photomapping. (left) 3D stereoplotter at GEUS. The polarized screens display a left-eye and a 
right-eye image, which are reflected and refracted through a half-mirror. The 3D glasses worn by the user 
ensure the 3D perception of the overlapping images. (right) 3D view in Gocad of the terrain model with 3D 
polylines from 3D-photomapping. 

5.2 Structural data from fieldwork  

Two weeks of fieldwork were spent in the summer 2014 in the Jameson Land Basin, based in 
the exploration camp of the drilling campain led by Jameson Land Resoures A/S. A ground control 
of the photomapping was done and structural and kinematic data were collected in the Klitdal area 
along the eastern margin of the basin with the Liverpool Land basement high. The data are presented 
and interpreted in the paper II of this thesis (Guarnieri et al., 2017). 

5.3 Drillcores 

The drillcores used in this thesis come from the drilling campaign led in Klitdal in 2014 by 
Jameson Land Resources A/S, the joint-venture company between Avannaa Resources Ltd. and 
Anglo American Exploration (Stelter, 2014). Eight holes were drilled for a total of 1 807 m, 
investigating four key areas for Cu-mineralization hosted in the Permo-Triassic sedimentary sequence 
(Figure 21). The cores were logged on-site by the company and magnetic susceptibility was measured 
every meter with a hand-held susceptibility meter. Figure 22 presents the drilling results with 
simplified stratigraphy and magnetic susceptibility. Statistics of magnetic susceptibility per geological 
formations are presented in Figure 21. 

The drilling locations were defined by the company based on mineralized outcrops found 
during earlier ground prospecting, and were targeting IP effects observed in the SkyTEM data as well 
as potential structural pathways for fluids determined from topographical features and geophysical 
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interpretations. All holes except IC1 and IC2 in Ice Cave reached the crystalline basement and no 
major nor visible mineralization was observed in the cores. A brief description of the cores is provided 
in the following paragraphs based on Stelter (2014).  

Figure 21. (Left) Simplified geological map of the Klitdal area showing the drillholes location and selected 
structures mapped from 3D-Photogeology and field mapping. (right) Frequency histograms of the magnetic 
susceptibility measurements for each formation intersected by drilling. Fm.: Formation. 

Ice Cave area  
The ‘Ice Cave’ area was the highest priority target due to the find of native Cu and Ag in 

granitic clasts of the Klitdal Member conglomerate (Pingo Dal Formation) in a clay-altered outcrop 
in 2013, interpreted to be an evidence of strong fluid flow and reducing conditions, which might 
indicate a potential for economic mineralization (Stelter, 2014; Thomassen et al., 2014). The hole 
IC1 was drilled about 800 m from the contact between the crystalline basement of Liverpool Land 
to the east and the Triassic sedimentary rocks to the west. After 5.5 m of overburden, IC1 collared 
in the arkoses of the Klitdal Member, which passed into coarse conglomerates at about 86 m and 
until 500 m where the cores are characterized by sandstones. The borehole was stopped at 512.5 m 
without having reached the crystalline basement. The first 50 meters of the core are affected by the 
same strong alteration than observed at the outcrop but the latter is not observed further down along 
the core.  
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The hole IC2 was placed about 2 km west of IC1 (Figure 21), targeting IP effects observed in 
the SkyTEM data (Stelter, 2014). The Gipsdalen Formation was drilled, represented by mudstones 
with bedding-parallel gypsum layers and cross-cutting veinlets. At 90 m, XRF measurements along 
the core indicate values up to 2% Zn and 1 % Pb (but no high Cu values) within dark mudstone 
layers hosting very fine-grained sulfides. The Klitdal Member was met at a depth about 93 m, first 
characterized by sandstones, before reaching coarse conglomeratic arkoses at a depth of 157 m. 

Inderfjord 
The holes in Inderfjord area were targeting a hypothetical fault making the contact between 

the Klitdal Member to the west and the Liverpool Land crystalline basement, assumed from 
topographical features and conductivity sections interpretations. This fault was suspected to have acted 
as a major fluid pathway.  

The drillhole IF1 went through coarse conglomerates within a hematite-rich matrix belonging 
to the Klitdal Member before reaching the granitic basement at 75 m. The contact between the two 
units was not tectonic and the top of the basement rather showed a weathered paleosurface. The 
drillhole IF2, located close to a strongly altered conglomerate outcrop showing minor fluid pathways 
and malachite staining in floats, went through conglomerates of the Klitdal Member before reaching 
the granitic basement at a depth of 364 m.  

Copper Creek area 
Three holes were drilled in the Copper Creek area based on several mineralized occurrences at 

the outcrop, including disseminated chalcocite within arkoses of the Klitdal Member and massive 
chalcocite and galena within arkoses with organic-rich layers belonging to the lowermost Kap 
Seaforth Member (Gipsdalen Formation). The area is cross-cut by a WNW-ESE-oriented dike at the 
vicinity of which chalcocite mineralization is accompanied by the presence of hematite, indicating a 
zonation around the dike.  

The drillhole CC1 went through mudstones with gypsum stringers of the Kap Seaforth 
Member and reached the pink arkoses of the Klitdal Member after 21 m. The latter showed 
alternating hematite-rich beds and more reduced layers. CC1 reached the granitic basement after 
88 m. The drillhole CC2, located at the direct vicinity of the dike, went through the typical arkoses 
of the Klitdal Member before attaining the granitic basement after 53 m. The drillhole CC3 collared 
few km to the northwest of CC1 and CC2 and went through mudstones of the Kap Seaforth 
Member, reached pink arkoses with alternating hematite-rich beds of the Klitdal Member after 64 m 
before the sequence passes to more coarse beds after 139 m and reached the granitic basement at 
158 m. 

In all three drillholes of the Copper Creek area, the transition between the Klitdal Member and 
the granitic basement was affected by fracturing and strong hematite alteration in both units. 
However, except from minor pyrite in the Klitdal Member intercepted by CC3, no sulfide 
mineralization was identified in any of the cores. 

Central Klitdal  
The hole drilled in CK1 aimed at testing a NE-SW-trending fault assumed from a strong 

magnetic contrast observed in the data in the Klitdal area, as the fault could have acted as fluid pathway 
with possible deposition of sulfides in the sedimentary pile (Stelter, 2014). Red beds of the Fleming 
Fjord Formation are observed in the cores until 36 m, followed by gypsum-bearing mudstones of the 
Gipsdalen Formation, which top part is oxidised with hematite in the matrix. From 154 m, the cores 
are represented by typical pink arkoses of the Klitdal Member, which display gypsum stringers in the 
top part and where gypsum even partly replaces the matrix. The contact with the granitic basement 
was intercepted after 241 m, displaying intense fracturing and Fe and Mn oxides and hydroxides. 
However, no visible mineralization was observed.  
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5.4 Geophysical data in the Jameson Land region 

The following section provides a review of the major geophysical surveys carried-out in the 
Jameson Land region for both crustal structure investigations and mineral exploration purposes; as 
well as a more detailed description of the data used in this thesis, which locations are shown in Figure 
23 and specifications are summarized in Table 3. Details on the geophysical surveys carried out in 
Greenland can be accessed via the interactive Greenland Mineral Resources Portal 
(http://www.greenmin.gl/) and a summary of airborne geophysical data from Greenland was 
published by Rasmussen et al. (2003).  

Seismic surveys 
From 1980 to 1981, GGU, at the time the Geological Survey of Greenland, conducted offshore 

seismic sections to the east of the Jameson Land Basin and in Scoresby Sund. In the context of 
hydrocarbon exploration, ARCO (the Atlantic Richfield Company) acquired from 1985 to 1989 
nearly 1 800 km of onshore 2D seismic sections in the Jameson Land Basin. Based on these data, 
Larsen and Marcussen (1992) proposed a model of the crustal architecture of the Jameson Land Basin. 
In 1988, offshore deep seismic investigations of the continental shelf and continent-ocean transition 
were carried out between 70°N and 72°N and results were presented by Weigel et al. (1995). Some 
ARCO seismic lines in the Jameson Land Basin and offshore were reinterpreted by the Icelandic 
Geosurvey (Guarnieri et al., 2016) and two lines crossing the eastern margin of the basin were used 
for the reinterpretation of the Triassic rift in East Greenland by Guarnieri et al. (2017; paper II of this 
thesis).  

Hyperspectral surveys 
Government funded airborne hyperspectral data were collected at several locations in central 

East Greenland during two campaigns: the HyperGreen 2000-2001 (Tukiainen, 2001) and the 
HyperEast 2012 (Thorning et al., 2014). Part of these data were used for mineral alteration mapping 
at the Malmbjerg deposit (Bedini, 2012) and for mineral mapping at Kap Simpson (Bedini, 2011). 

Gravimetric surveys 
Gravity measurements were performed onshore in the Jameson Land Basin region (Forsberg, 

1991, 1986; Forsberg and Keller, 1996) and offshore East Greenland. Based on seismic refraction and 
gravity data, Mandler (1995) presents an interpretation of the crustal structure of the Scoresby Sund 
area. These data were also used in conjunction with other geophysical surveys for a crustal 
interpretation of the East Greenland margin by (Schlindwein, 1998). Furthermore, an airborne gravity 
survey was carried out in 1998-1999 over the North Greenland continental shelf (including offshore 
data to the east of the Jameson Land Basin) (Forsberg et al., 2001). Few data were later collected in 
the Jameson Land Basin by Zhao et al. (2015) when testing a new gravimeter. Based on available 
data, a new gravity field dataset was released by Kenyon et al. (2008) for the entire Arctic region 
(Arctic Gravity Project). Another gravity compilation over the Artic was later performed by Gaina et 
al. (2011). Gravity data in the Jameson Land Basin originate from ground surveys and as data points 
are very sparse along the eastern margin of the basin, they were not used in this thesis. 

Magnetic surveys 
In 1974, aeromagnetic data were collected mainly on-land at a constant elevation of 1 820 m 

in Jameson Land and to the north, with E-W-oriented flight lines with a spacing of 5 to 7.5 km 
(Nielsen and Larsen, 1974). In 1979, magnetic data were collected mainly offshore between 60°N 
and 80°N, with a spacing of 8 km and at a constant altitude of 600 m (Eastmar project, Thorning et 
al., 1982). Interpretations of the offshore magnetic data together with seismic investigations of the 
East Greenland Shelf are presented in (Larsen, 1990, 1980). The 1974 and 1979 surveys were 
processed, adjusted to each other and merged with other magnetic surveys from Greenland for the 
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Gamma 5 project (Verhoef et al., 1996). These data were used in a compilation of surveys covering 
the entire arctic area made by Gaina et al. (2011).  

From 1993 to 1996, reconnaissance aeromagnetic data were collected along the East Greenland 
coast during four surveys campaigns (projects AEROMAG93-96) carried out by the Alfred Wegener 
Institute for Polar and Marine Research (AWI). The surveys were flown at altitudes up to 3 700 m 
collecting about 55 500 km with line-spacing between 10-40 km. The AEROMAG93 covers the 
Jameson Land region between 69.5°N to 73°N and from about 19°W to 30°W. Based on the 
integration of these data together with gravimetric and seismic data, an interpretation of the 
architecture and evolution of the continental crust of East Greenland between 69°N and 84°N was 
provided by Schlindwein (1998). 

 
Figure 23. Magnetic anomaly map of the Jameson Land region showing the locations of the surveys used in 
this thesis and described in Table 3. The local magnetic data grids were merged to the regional data grid (Camp 
GM compilation) (from Brethes et al., 2018). 
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In 2013, an aeromagnetic survey was carried out by Fugro Airborne Surveys along the eastern 
margin of the basin for mineral exploration purposes on behalf of Jameson Land Resources A/S 
(Fugro Airborne Surveys, 2013). The Fugro dataset covers Wegener Halvø and Canning Land (Fugro 
(1) in Figure 23) and the Klitdal area (Fugro (2) in Figure 23). It was flown with a terrain clearance 
of 120 m and line spacing of 200 m (Table 3). Prior to the drilling campaign of 2014 in the Klitdal 
area, Jameson Land Resources A/S contracted Mira Geosciences to perform depth to basement 
inversion (Mira Geoscience Ltd, 2014) based on the Fugro data and on the magnetic data from the 
SkyTEM survey (see next section). The resulting model of the depth to the basement was confirmed 
in the southern part of the Klitdal area by the drillholes in Copper Creek but due to the lack of access 
to geological constraints and petrophysical data, other areas such as at the ice cave locality, suffered 
from important discrepancies between the model and the drilling results. New modelling results from 
magnetic data along the entire margin of the basin, implementing new structural data from fieldwork, 
drillhole constraints and magnetic susceptibility measurements are presented in the Paper III appended 
to this thesis.  

 

Table 3. Parameters of the different surveys used in the thesis located in Figure 23. [1] SkyTEM Surveys Aps, 
2013. [2] Fugro Airborne Surveys, 2013. [3] Geoterrex-Dighem, 1997 [4] Gaina et al., 2011 

 SkyTEM Fugro (1) Fugro (2) AEM97 CampGM 

Survey area Klitdal Wegener Halvø Klitdal 
Northern 

Jameson Land 
Arctic region 

Survey period Sept-Oct 2013 May-June 2013 May-June 2013 July-Aug 1997  

Acquisition 
company 

SkyTEM 
Surveys Aps 

Fugro Airborne 
Surveys 

Fugro Airborne 
Surveys 

Geoterrex-
Dighem 

Data 
Compilation 

Survey type 

Combined 
airborne 

magnetic and 
SkyTEM 

Horizontal gradient  
magnetic survey 

Horizontal gradient  
magnetic survey 

Combined 
airborne magnetic 

and GEOTEM 
III 

 

Flight height 30-40 m 120 m 120 m 120 m  

Flight 
orientation 

E-W NE-SW N-S E-W  

Line spacing 300 m 200 m 200 m 400 m 
5 km cell-size 

grid 

Tie line 
orientation 

N-S NW-SE E-W N-S  

Tie line 
spacing 

3000 m 2000 m 2000 m 4000 m  

Reference [1] [2] [2] [3] [4] 

Electromagnetic surveys 
The AEM Greenland 1997 survey is part of the AEM Greenland 1994–1998 project carried 

out at several locations in Greenland on behalf of the Geological Survey of Denmark and Greenland 
to encourage mineral exploration. The transient electromagnetic AEM Greenland 1997 survey was 
flown in the northern part of the Jameson Land Basin (Figure 23) by a fixed-wing aircraft using a 
GeoTEM system (Geoterrex-Dighem, 1997). The data were collected over an area of 5 200 km2, 
along E-W-oriented flight lines spaced of 400 m for a total of 14 000 line-km. A preliminary analysis 
of the data is provided by Stemp (1998), who concludes that while no definite massive sulfide prospect 
can be pinpointed in the TEM data, the magnetic data could be used for a detailed structural 



42 

 

interpretation helping to guide mineral prospecting. Only the magnetic data of this survey were used 
in this thesis, so the GeoTEM system specifications are not detailed here. 

In 2012, frequency domain electromagnetic data were collected on behalf of KGHM 
International Ltd. over the Mo Malmbjerg deposit using Fugro Airborne Surveys’ RESOLVE system 
(KGHM International, 2012). A total of 9 077 line-km were flown with E-W survey lines spaced of 
100 m and a terrain clearance of about 30 m. These data were confidential and therefore not used in 
this thesis. 

In 2013, a SkyTEM survey was carried out along the eastern margin (Figure 23) of the basin 
for sedimentary-hosted Cu exploration on behalf of Jameson Land Resources A/S (SkyTEM Surveys 
ApS, 2013). This dataset was provided by Jameson Land Resources A/S and is used in the four papers 
included in this thesis. The major part of the survey consists in 2 275 line-km flown in the Klitdal 
area with some additional 64 line-km in Wegener Halvø. An average terrain clearance of 30-40 m 
was kept in the survey, which was flown along 300 m-spaced, E-W-oriented lines in the Klitdal area 
with some additional infill lines in northern Klitdal, Ice Cave and Copper Creek area (see locations 
in Figure 21). The TEM data were inverted by SkyTEM Aps using a laterally-constrained 1D-layered 
Earth inversion scheme (Auken et al., 2014, 2005). Additional work was conducted by Aarhus 
Geophysics on parts of the data affected by the presence of IP effects (Aarhus Geophysics Aps, 2014). 
In addition to a qualitative evaluation of the presence of IP effects in the data, Aarhus Geophysics 
Aps (2014) inverted a selection of lines in the Copper Creek and Ice Cave areas (Figure 21) for the 
IP parameters using a Cole-Cole model.  
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6. Summary of the results 

6.1 Structures and structurally-controlled mineralization in the Jameson 
Land Basin 

The texture and lineament analysis of aeromagnetic data in the Jameson Land Basin allowed 
delineating trends and correlating them with geological structures. A chronological interpretation of 
these is proposed in Figure 24. Furthermore, local scale structures known to exert a control on the 
mineralization distribution were delineated at a larger scale, allowing highlighting prospective areas 
for base metal exploration (Figure 25). The following major structures were identified (numbers in 
parenthesis refer to numbered locations in Figures 24 and 25): 

(1) E-W-trending and deformed dikes or faults in the Caledonian crystalline basement of southern 
Klitdal (Figure 24a); 

(2) N-S-trending faults in the Caledonian crystalline basement in northern Klitdal, similar to faults 
to which are associated Cu, Pb and Ag mineralization (Figures 24a and 25); 

(3) N-S to NNE-SSW and NW-SE-trending faults in Canning Land at the intersection of which 
Ag-bearing base metal veins occur (Figures 24a and 25); 

(4) NNE-SSW-trending Upper Permian-Triassic lamprophyre dikes in the southern part of 
Liverpool Land (Figure 24a); 

(5) Numerous concordant sill edges in the Schuchert Dal area, probably associated with Eocene 
magmatism (Figure 24b); 

(6) NW-SE to ESE-WNW-trending dikes mapped from the Carlsberg Fjord to the western 
margin of the basin and manifesting by both positive and negative anomalies. These dikes may 
belong to the Scoresby Sund-Jameson Land dike swarm described by Hald and Tegner, (2000) 
(Figure 24b); 

(7) NNW to NW trends interpreted as lamprohyre dikes dated to 47 Ma, coeval with the plate 
reorganization in the North Atlantic and beginning of spreading along the present-day mid 
oceanic Kolbeinsey ridge. The latter were also interpreted to have acted as pathways for Zn-
rich fluids which precipitated in Upper Permian carbonates (Wright et al., 1992) (Figures 24b 
and 25); 

(8) N-S to NNW-SSE trends along the eastern margin of the basin extending from Wegener 
Halvø to Klitdal, interpreted as reactivated Carboniferous faults possibly intruded by dikes 
bearing remanent magnetization of reverse polarity. These trends are similar to a N-S-oriented 
lineament intruded by a Tertiary dike at the vicinity of which occurs the richest base metal 
concentrations within Upper Permian carbonates and black shales in Wegener Halvø and 
could have acted as fluid pathways (Figures 24b and 25); 

(9) E-W, N-S, NNE-SSW and NE-SW-trending dikes in the northern part of the basin, 
interpreted to relate to the Kap Parry, Werner Bjerge and Malmbjerg intrusions dated between 
41.6 and 25.5 Ma. Pb-Zn vein type mineralization in Carboniferous and Upper Permian rocks 
in the Mesters Vig area occurs mainly associated with N160-180 trends, parallel to mapped 
magnetic trends in this area (Figures 24c and 25).  

(10) NNW-SSE as well as NE-SW and NW-SE trending breaks in the magnetic signal were 
mapped over the entire area and are interpreted as reactivated Carboniferous and Triassic 
faults, respectively. South of Bredehorn, some of these trends present the same orientation 
than the N160-180-oriented faults controlling Pb-Zn mineralization within Upper Permian 
rocks in Bredehorn area (Figures 24d and 25). 
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Figure 24. Chronological interpretation of the main magnetic trends and domains. (a) Caledonian to Triassic; 
(b) Early to Mid-Eocene. Carb.: Carboniferous; -: reverse magnetic polarity (negatively); +: normal magnetic 
polarity (positively); (c) Late Eocene to Oligocene; (d) Oligocene and post-Oligocene (modified from Brethes 
et al., 2018). Circled numbers refer to locations discussed in the text. 
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Figure 25. Prospective areas in the Jameson Land Basin defined based on the structures delineated from 
aeromagnetic data that exert a control on the mineralization distribution; and on the areas of outcrop or 
possible subcrop of host-rocks where mineralization occurs (modified from Brethes et al., 2018). Circled 
numbers refer to locations discussed in the text.  
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6.2 The Triassic rift in central East Greenland  

Magnetic and electromagnetic data from the Klitdal area, along the eastern margin of the 
Jameson Land Basin (Figure 26), suggest the presence of a major NE-SW-oriented sealed fault in 
central Klitdal and of subordinate NNE-SSW-oriented faults separating the Triassic sedimentary 
sequence to the west from the Liverpool Land basement high to the east. In the magnetic data, this 
manifests by a strong contrast observed across a NE-SW trend in central Klitdal, separating a low 
magnetic domain to the north from a high magnetic domain to the south and east. In the inverted 
electromagnetic data, a strong conductivity contrast is also observed across NNE-SSW trends marking 
a change from resistive areas associated with crystalline basement and more conductive areas to the 
west interpreted to be associated with a sedimentary package. 

 
Figure 26. Geological map of the East Greenland margin showing the NE-SW-orientation of the Triassic rift 
in East Greenland (from Guarnieri et al., 2017). Inset map: JL = Jameson Land. 

Structural and kinematic data collected in the same area confirmed the presence of NNE-SSW 
and NE-SW-trending dip-slip faults and revealed the presence of WNW-ESE to NW-SE-oriented 
faults indicating strike slip movement. The reduced stress tensor inverted from the kinematic data 
suggest a NW-SE extension associated with the NE-SW-trending fault system, which differential 
movement is interpreted to be accommodated by the NW-SE to WNW-ESE-oriented strike slip 
faults. Furthermore, results from the drilling campaign of 2014 describe a shallow crystalline basement 
to the south of the NE-SW-oriented magnetic trend, while a thick succession of conglomerates and 
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arkoses belonging to the Middle Triassic Klitdal Member occur to the north of this trend. As no 
significant thickness variation is observed in the overlying Upper Triassic formations and no offset is 
visible at the outcrop, the Klitdal Member is interpreted as a Triassic syn-rift sequence. Moreover, 
the reinterpretation of two ENE-WNW and NW-SE-oriented 2D seismic sections from the late 
1980’s, which extend from Klitdal to the center of the basin, allowed to define the westerly 
continuation of the NE-SW-trending major fault interpreted from the magnetic data. In the hanging 
wall block, seismic reflectors show a syntectonic sedimentary wedge in a rotated fault block, presumed 
to be filled-in by the Middle Triassic Klitdal Member conglomerate and arkosic syn-rift sequence, 
and concealed by Upper Triassic post-rift sediments and the Jurassic sequences of the Jameson Land 
Basin.  

The integration of magnetic, electromagnetic along with structural data, drilling results and 
seismic data allowed to reinterpret the geometry of the Triassic rift in East Greenland, represented by 
NE-SW-trending basins and structural highs and segmented by NW-SE trending transfer zones 
(Figure 26). The N-S trending Liverpool Land previously considered as the boundary block of the 
Triassic basin is shown to be a structural high inherited from the Upper Carboniferous tectonics, 
down-faulted during the Triassic rifting by the Klitdal Fault System, creating the Carlsberg Fjord 
Basin. The latter should be seen as analogue to the Triassic Helgeland and Froan Basins in the 
Norwegian offshore and to the Papa and West Shetlands Basins north of the Shetland Islands (Figure 
27). The Triassic rift on both conjugate margins display the same pattern than the faults and fractures 
of the spreading axis of the North-East Atlantic mid-oceanic Ægir and Mohns ridges and of the initial 
spreading line, suggesting its inheritance from the Triassic rifting. 

 
Figure 27. Plate reconstruction of the northeast Atlantic rift at the breakup time showing major features related 
to the Palaeogene development of the area together with a simplified distribution and trends of the main 
Triassic rift zone in east Greenland, Norwegian offshore, and the West of Shetlands (modified after Mosar et 
al. (2002)). CFB = Carlsberg Fjord Basin, FB = Froan Basin, FI = Faroe Islands, GG = Godthåb Golf, HB = 
Helgeland Basin, HI = Hurry Inlet, JMFZ = Jan Mayen Fracture Zone, JMMC = Jan Mayen. From Guarnieri 
et al. (2017). 
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6.3 Architecture and sedimentary thickness of the eastern margin of the 
basin: implications for sedimentary-hosted mineralization potential 

In order to refine the faulted architecture of the eastern margin of the Jameson Land Basin, and 
estimate the sedimentary thickness within the different faulted-blocks, a comprehensive 3D-
geological and petrophysical model of the area was built and assessed against magnetic data by means 
of forward and inverse modelling. 3D photomapping, geological field data and drilling results, along 
with interpretation of magnetic and electromagnetic data were integrated to create an initial 
geological model, which results in a block model segmented by a network of Carboniferous and 
Triassic faults (Figure 28a). The top of the magnetic basement was modelled within the different 
blocks and was used to perform depth-to-magnetic basement modelling (Figure 28b). The source of 
the magnetization was assumed attributed to the Caledonian Hagar Bjerg Thrust sheet and to the 
Devonian volcanic unit. The following paragraphs describe the results obtained from the modelling 
with the numbers in parenthesis referring to locations marked by circled numbers in Figure 28:  

(1) The southern part of the Klitdal area is characterized by a shallow peneplained Caledonian 
crystalline basement, dipping about 5° to the west and affected by magnetic granitic intrusions. 
In its western part, it is overlain by Triassic formations; while in the northern part, a thick 
sedimentary pile is modelled over a down-faulted Caledonian basement. 

(2) The western Klitdal fault (WKF) does not have a strong magnetic signature and hence, its 
presence could not be modelled by the magnetic data. Therefore, no offset could be estimated. 

(3) The geometry of the Carlsberg Fjord block (CF) is more complex than it was initially 
modelled. A previously unknown, sealed, NNW-SSE-trending fault (WCFF) possibly divides 
the CF block into a deep hanging wall to the east (ECF) and shallower footwall block to the 
southwest (WCF). Based on its orientation, similar to the Carboniferous faults occurring in 
the northern part of the area, this fault may be of Carboniferous age. 

(4) An important vertical offset is needed across the central Klitdal fault (CKF) to explain the 
strong magnetic contrast between the Liverpool Land block (LL) and the central Klitdal (CK) 
or CF blocks. Although depth-to-basement estimation in the western footwall block (WCF) 
of the CF block is complicated by the presence of magmatic intrusions such as sills and dikes, 
a vertical offset up to 2 000 m was estimated across the CKF between LL and WCF.  

(5) The presence of rocks bearing remanent magnetization of reverse polarity in the ECF block 
made the depth-to-basement estimation impossible along a N-S-trending band in northern 
Klitdal, immediately west of Liverpool Land.   

(6) Just to the south of the Nathorst Fjord fault (NFF), great sedimentary thicknesses (> 10 km) 
are estimated from magnetic modelling in the northwestern part of the western and eastern 
Carlsberg Fjord blocks (WCF and ECF).  

(7) The high magnetic anomaly located immediately north of the Carlsberg Fjord fault, may be 
explained by the presence of magnetic sedimentary deposits and questions the current location 
of the fault, which may be located further north and bounded to the south by NNW-SSE-
trending faults. 

(8) Magnetic susceptibility heterogeneities and elevation variations of the Devonian volcanic 
formation may explain the high magnetic anomaly observed at the eastern tip of Wegener 
Halvø. 

(9) Based on the magnetic modelling, the magnetic anomaly in the western Wegener Halvø block 
(WWH) can also be fitted by a combination of heterogeneities and topography within the 
Devonian volcanic unit, but petrophysical and geometrical constraints would be needed to 
further define the origin of this anomaly.  
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In addition to the Wegener Halvø area, where mineralization is widespread within the Upper 
Permian and Triassic sedimentary sequence, the northern part of the Carlsberg Fjord block seems to 
present the most favorable geological settings for stratiform sedimentary-hosted Cu mineralization. 
This block contains a very thick sedimentary pile, which may be composed of Devonian and Triassic 
red bed sequences as well as the possible presence of a basal unit of Devonian volcanic rocks, which 
may provide an additional source of metals. The area is also segmented by numerous faults, which 
can provide pathways for fluids and is abundantly affected by Tertiary sill and dike intrusions, which 
can provide a source of heat to the hydrothermal system. 

 
Figure 28. Elevation model of the top of the magnetic basement in the eastern margin of the Jameson Land 
Basin, segmented by Carboniferous faults (in red) and Triassic faults (in purple). Block names in white; fault 
names in black. The magnetic basement is assumed to be represented by the Caledonian Hagar Bjerg Thrust 
Sheet in the ECL block and in the blocks to the south of the WKF-CFF fault system; and by Devonian 
volcanic rocks in the CF block and in the five blocks to the north of the FFF. (a) Initial model based on 
literature compilation; (b) new elevation model of the magnetic basement after inversion. See model details 
and inversion parameters in manuscript III. Circled numbers refer to locations discussed in the text. 
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6.4 Multivariate analysis of Induced Polarization effects in airborne TEM 
data for mineral exploration 

In paper IV, a method was developed to automatically identify, map and characterize Induced 
Polarization (IP) effects in airborne time-domain electromagnetic data (SkyTEM) acquired along the 
eastern margin of the Jameson Land Basin. Numerical parameters describing the shape and amplitude 
of the TEM response curves were analyzed using Self-organizing Maps (SOM) and k-mean clustering 
to define response curve patterns, analyze their spatial distribution and ultimately, discuss their possible 
sources. 

 
Figure 29. SOM clusters from the decay curve analysis displayed on the simplified geological map of the Klitdal 
area and shaded relief of the terrain model. (a) clusters associated with salt water in fjords or river beds; (b) 
clusters associated with exposed crystalline basement; (c) clusters associated with exposed sedimentary rocks; 
and (d) clusters associated with strong IP effects. Black line: contour of the SkyTEM survey. Faults from 
Guarnieri et al., (2017). Circled numbers mark locations described in the text. 

Negative transients in the decay curves are widespread in the Klitdal area, but are of different 
amplitudes and occur at different time windows depending on the geology over which they are 
measured. Four groups of clustered data can be distinguished and correlated with geological features 
(Figure 29). Some response curve patterns showed no IP effects and are clearly correlated with river 
beds or fjord areas (Figure 29a). Negative transients in response curves measured over outcrops of 
resistive crystalline basement (Figure 29b) appear in very early times while transient curve patterns 
associated with exposed sedimentary rocks (Figure 29c), having a higher electrical conductivity, 
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display small amplitude negative transients at very late gates. In addition to these clusters, two clusters 
of transient curves showing strong IP effects characterized by the presence of high amplitude early 
negative voltages was identified in four areas (locations 1 to 4 in Figure 29d).  

In northwestern and southern Klitdal, as well as at some locations in northern Klitdal (locations 
2, 4 and 1 in Figure 29, respectively), the IP effects seem correlated with the presence of basaltic and 
doleritic dikes and sills, which are known as possible sources of polarization (Sumner, 1976). 
Furthermore, the strong clay alteration often found at the contact with their host rock may also be a 
source of polarization. However, these areas should not be excluded for future mineral exploration 
as they are often associated with mineral occurrences as observed in southern and northern Klitdal, 
as well as in central Klitdal. In northern and central Klitdal (locations 1 and 3 in Figure 29, 
respectively), the strong IP effects detected with the SOM coincide with structural features and 
sedimentary layers hosting Cu, Pb and Zn sulfide mineralization. Although, the presence of intense 
clay-alteration in these areas may be a source of IP effects, disseminated sulfide mineralization is 
interpreted as the most plausible source for the strong IP effects observed in central Klitdal. 

  



52 

 

  



53 

 

7. Geophysical targeting of sedimentary-hosted 
Cu-Pb-Zn mineralization in the Jameson 

Land Basin: results, challenges and outlook 

The Jameson Land Basin is a good example illustrating the broad range of mineralization that 
may occur within a sedimentary basin through its evolution in time. As described in this thesis, 
mineralization occurs in various host rocks, at different stratigraphic levels and results from different 
mineralization events (Harpøth et al., 1986; Pedersen et al., 2002). 

Mineral exploration focuses on where ore deposits form, and while the Mo porphyries 
occurring in the northern part of the basin are easily detectable on a large scale from the magnetic 
data (cf. paper II: Brethes et al., 2018), targeting sedimentary-hosted base metal mineralization from 
geophysical data is somewhat more complex. Indeed, mineral occurrences are not necessarily 
associated with minerals showing strong physical property contrasts (e.g. magnetic susceptibility or 
electrical conductivity). However, the identification of proxies controlling the distribution of the 
mineralization occurrences allows performing indirect targeting. The position of the various 
sedimentary-hosted mineralization occurrences in the basin are controlled by the chemical (redox 
boundaries) and physical architecture of the basin (sedimentary thickness, syn-tectonic sequences, and 
structures creating pathways for fluids), and its evolution in time. The detection of these features 
therefore requires a multi-scale and multidisciplinary approach where data integration is key. 

Geophysical exploration of Pb-Zn mineralization in the western margin of the basin 

The Pb-Zn (Cu) occurrences in the Carboniferous-Upper Permian rocks along the western 
margin of the basin mainly manifest as galena, sphalerite (-chalcopyrite) -bearing veins in 
Carboniferous clastic rocks; as galena (-sphalerite) occurring both stratabound and in veins within 
Upper Permian carbonates; and as stratabound hydrozincite (Zn carbonate), sometimes accompanied 
by sphalerite and galena within Upper Permian carbonates. None of these minerals possesses strong 
magnetic properties and only galena and minor Cu sulfides are electrically conductive minerals. Direct 
targeting of this mineralization is therefore difficult and results from geophysical prospecting of 
sedimentary-hosted Pb-Zn mineralization in other parts of the world demonstrated the limited success 
of electromagnetic methods due to the poor electrical conductivity of both the mineralization and its 
typical host-rocks (Lajoie and Klein, 1979; Paradis et al., 2007). In Jameson Land, most of the 
conductive features from the airborne TEM data acquired over the western and northern parts of the 
basin (AEM Greenland 1997 survey; Geoterrex-Dighem, 1997), interpreted by Stemp (1998), 
coincide with salt water sources, valleys and carbonaceous sedimentary layers. Although the efficiency 
of the TEM data may be affected by a high terrain clearance in some areas due to the rugged 
topography, a detailed interpretation of these data would be useful for future exploration. A method 
of transient curve analysis using a multivariate data approach integrating for example tau values and 
terrain clearance, similar to the method proposed in the manuscript IV appended to this thesis, would 
be a good start before performing modelling on the data. 

In this area, base metal sulfides often occur together with stratabound barite, which, as 
sphalerite, possesses a very high density and gravity data may therefore be useful to locate sphalerite 
and barite-rich zones (Dewing et al., 2007; Kelley et al., 2004). Seismic data may also aid identifying 
the geometry of the host rocks for stratabound carbonate-hosted mineralization. However, Induced 
Polarization (IP) surveys often remain the most cost-effective method for local-scale targeting of 
disseminated mineralization and have shown very good results in other parts of the world (Lajoie and 
Klein, 1979; Thomas et al., 1992).  
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Although in this area mineralization cannot be directly targeted using magnetic data, the review 
and classification of mineral occurrences proposed in the paper II appended to this thesis (Brethes et 
al., 2018) shows the numerous structural controls on the distribution of the mineralization, and 
magnetic data have shown to be useful for structure delineation using contrasting magnetic properties 
(Paradis et al., 2007 and ref. therein). Furthermore, in this area, it has been shown that Tertiary 
magmatic intrusions may have provided heat to the system, allowing the mobilization of mineralizing 
fluids (Wright et al., 1992). Paper II (Brethes et al., 2018) provides a geological interpretation of the 
magnetic lineaments observed in all the magnetic data available in the Jameson Land Basin; which 
was used to identify structures possibly controlling the known mineralization systems, and to 
subsequently suggest areas presenting favorable mineralization settings. 

Geophysical exploration of stratiform Cu mineralization in the eastern margin of the basin 

It is well acknowledged that a key factor for the formation of stratiform Cu mineralization in 
both reduced and red bed host rocks, is the presence of a thick coarse clastic sedimentary pile (red 
bed sequences) as source for metals (Hitzman et al., 2005). Similar conclusions were reached by 
Pedersen (1997a) for base metal mineralization in East Greenland.  

Sedimentary thickness, or depth to crystalline basement, may be estimated using seismic data 
or a combination of potential field data (gravity and magnetic data). Results from seismic 
interpretation and modelling of magnetic data along the eastern margin of the basin are presented in 
paper II (Guarnieri et al., 2017) and manuscript III, respectively. This allowed redefining the 
geometry of the Triassic rift in East Greenland and locating syn-tectonic sedimentary sequences in 
the Klitdal area. Furthermore, although the modelling of magnetic data was complicated by the lack 
of petrophysical constraints and the presence of Tertiary sills and dike complexes carrying remanent 
magnetization, the region of the Carlsberg Fjord could be identified to host a > 10 km thick 
sedimentary pile. The latter may comprise Triassic and older rocks, such as the syn-rift Triassic Pingo 
Dal coarse sedimentary sequence, Upper Permian carbonates, the thick Devonian Old Red 
Sandstone, and possibly the basal Devonian volcanic unit, which together, may constitute a good 
source of metals.  

In their review on stratiform Cu systems, Hitzman et al. (2005) mention the important role of 
the physical architecture of a sedimentary basin for the fluid circulation as most deposits form on basin 
edges or where fluids can be focused to their site of possible precipitation. Fluid focusing may occur 
through the thinning of the red bed sequences, via for instance syn-tectonic sequences, via 
paleotopography, antiform folds, or may involve cross-stratal permeability created by the critical 
presence of basin bounding faults, syn-sedimentary and post-depositional faults, as occurring in major 
sedimentary-Cu deposits (e.g. White pine: Mauk et al., 1992; Paradox basin; Hahn and Thorson, 
2005; Zambian Copperbelt: Selley et al., 2005).  

As described in this thesis and in Paper II (Brethes et al., 2018), along the eastern margin of the 
basin, structures such as faults and dikes play an important role in driving fluids to the precipitation 
location and in providing a source of heat to mobilize the fluids. Fault, fracture, dike and sill mapping 
was performed in this area from 3D-photogrammetry and magnetic data interpretation (Paper II: 
Brethes et al., 2018).  

Disseminated sulfides can remain difficult to target directly from electromagnetic surveys due 
to the inherent poor interconnectivity of the metallic particles in the host rocks (Lajoie and Klein, 
1979; Paradis et al., 2007). However, IP surveys generally show good results for direct targeting of 
sediment-hosted stratiform Cu deposits (Dentith and Stuart, 2003). In Jameson Land, several 
conductive layers are observed in the SkyTEM data inversion results over the Klitdal area (SkyTEM 
Surveys ApS, 2013) and may be associated with certain sedimentary sequences but no mineralization 
was observed in the cores of the eight holes drilled during the 2014 campaign in Klitdal (Stelter, 
2014). Likewise, no mineralization was intercepted in the three holes drilled close to IP effects 
observed in these data. However, the mapping of IP effects in the SkyTEM data (cf. manuscript IV) 
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showed very good consistency with known mineralized localities in the area and ground IP survey 
may be a good approach for future exploration in this area.  

Modelling of IP-affected data from the SkyTEM survey using a Cole-Cole relaxation model 
(Pelton et al., 1978) was performed on selected lines by Aarhus Geophysics Aps (2014) and allowed 
to recover the correct conductivity of the data (taking into account IP effects), but did not permit to 
conclude on the source of polarization in these areas. Laboratory investigations of the electrical 
properties of core samples from the Klitdal area by performing spectral induced polarization (SIP) 
measurements and their inversion using relaxation models can allow to retrieve IP parameters such as 
the frequency dependence, chargeability and resistivity of the samples (Bérubé et al., 2017). Although 
the electrical properties of rocks measured in laboratory may deviate from their in situ conditions 
owing to the difficulty to reproduce the exact pore fluid electrolyte, they may help constraining the 
inversion of the TEM data. 

Finally, the passage of hydrothermal fluids often create mappable bleaching alteration (Hitzman 
et al., 2005), which may be detected as bleached whitish halos from aerial photo analysis, using 
hyperspectral data or even from IP effects in TEM data due to the presence of clay minerals. Indeed, 
along the eastern margin of the basin, strong IP effects in TEM data were mapped in locations where 
bleached clay-altered outcrops of arkoses and conglomerates from the Triassic Klitdal Member are 
associated with mineral occurrences (cf. Manuscript IV in this thesis).  

Uncertainty in mineral exploration 

In their review on the mineral system approach, Hagemann et al. (2016) highlight the 
omnipresence of uncertainty in mineral targeting, which affects exploration at all stages, including 
decision-making in exploration projects. Among many others, an example of this is the modelling of 
geophysical data. As described in section 4.2, the inversion of geophysical data is a non-unique 
solution problem, and many geological and petrophysical models may explain the observed data. A 
way to reduce uncertainty and ambiguity in the modelling and interpretation of geological and 
geophysical data is to perform integrated and joint interpretation of multiple data types, which could 
be facilitated by the use of data mining techniques. Thus, the modelling of magnetic data carried out 
in manuscript III could beneficiate, in addition to supplementary petrophysical constraints, from the 
joint interpretation of other geophysical data, e.g. gravity or other seismic data. In order to better 
estimate the reliability of geological or geophysical models, current research in modelling focuses on 
the development of techniques for uncertainty simulation and estimation (Jessell et al., 2010; Lindsay 
et al., 2014, 2013a, 2013b; Wellmann et al., 2014). This, for example, includes the sensitivity analysis 
of initial model parameters, such as petrophysical properties, topology or geological boundaries 
following their perturbation from an initial model; or the use of stochastic inversion approaches. The 
implementation of these techniques within commonly-used inversion packages would allow to obtain 
geologically and geophysically acceptable models along with their associated estimated uncertainties.  

Conclusion 

The work done in this thesis provides a detailed integration and interpretation of geophysical 
and geological data, which allowed gaining knowledge about the architecture and the structures of 
the area. Areas presenting the most favorable settings for sedimentary-hosted base metal mineralization 
were identified by locating regions hosting thick sedimentary piles as possible source for metals and 
fluids; and by locating structures that may have acted as possible pathways for the mineralizing fluids. 
These results allow focusing future mineral exploration into the most favorable areas. 
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A B S T R A C T

This paper provides a detailed interpretation of several aeromagnetic datasets over the Jameson Land Basin in
central East Greenland. The interpretation is based on texture and lineament analysis of magnetic data and
derivatives of these, in combination with geological field observations. Numerous faults and Cenozoic intrusions
were identified and a chronological interpretation of the events responsible for the magnetic features is proposed
built on crosscutting relationships and correlated with absolute ages. Lineaments identified in enhanced mag-
netic data are compared with structures controlling the mineralized systems occurring in the area and form the
basis for the interpretations presented in this paper. Several structures associated with base metal mineralization
systems that were known at a local scale are here delineated at a larger scale; allowing the identification of areas
displaying favorable geological settings for mineralization. This study demonstrates the usefulness of high-re-
solution airborne magnetic data for detailed structural interpretation and mineral exploration in geological
contexts such as the Jameson Land Basin.

1. Introduction

Mineral exploration in the Jameson Land Basin, in central East
Greenland (Fig. 1), started after the discovery of copper-bearing vein-
lets within calcareous quartzites by Nordenskjöld (1907) in the
northern part of the basin, followed by the first systematic mineral
mapping conducted from 1930 to 1934 (Eklund, 1944; Koch, 1955).
The successive expeditions to East Greenland led to important dis-
coveries such as the Blyklippen Pb-Zn deposit (Witzig, 1954) and the
world class Malmbjerg Mo porphyry deposit (Bearth, 1959). The most
active explorer in the area was the Danish exploration and mining
company Nordisk Mineselskab A/S which in 1952, was granted a 50-
years exclusive exploration and exploitation license for many com-
modities in central East Greenland. Several companies have later been
involved in the exploration of diverse commodities within various
geological contexts across the Jameson Land Basin.

Aeromagnetic data are widely used in mineral exploration in var-
ious contexts (Airo, 2015; Gunn and Dentith, 1997; Nabighian et al.,
2005). They reflect the spatial variation of the magnetization of the
underlying crustal rocks, and the rocks' magnetization depends on the
rocks' content in magnetic minerals. This variation may be due to dif-
ferent adjacent lithologies and/or caused by secondary processes such
as tectonic overprint, diagenesis, metamorphism or alteration processes

(Clark and Emerson, 1991). The efficiency of aeromagnetic exploration
relies on the presence of magnetic minerals in the mineralization and
the presence of high magnetic anomalies allows efficient direct tar-
geting for volcanogenic massive sulfide (VMS), iron-oxide copper gold
(IOCG), skarn or porphyry copper deposits, among others (Ford et al.,
2007; Nabighian et al., 2005). However, many ore deposits lie within
areas characterized by low magnetic intensity where magnetic data
interpretation remains highly successful for the ‘indirect targeting’ of
most deposit types by providing valuable information on the geological
framework of the investigated areas and allows focusing exploration on
structures, alterations or rock types that are associated with miner-
alization (Airo, 2002; Airo, 2015; Ford et al., 2007; Nabighian et al.,
2005). In particular, aeromagnetic data interpretation has shown ef-
fectiveness in the identification of regional and local structures known
to exert a structural control on mineralization occurrences (Austin and
Blenkinsop, 2009; Domzalski, 1966; Hildenbrand et al., 2000; Omar
et al., 2016; Sánchez et al., 2014). Furthermore, the application of
aeromagnetic surveys to sedimentary basin studies has increased with
the development of high-resolution surveys and filtering techniques
(Nabighian et al., 2005; Vallée et al., 2011) allowing improvement of
the structural models of sedimentary basins and basinal margins by
locating buried intra-basinal faults (Drenth et al., 2017; Foss et al.,
2004; Grauch and Connell, 2013; Grauch et al., 2013; Gunn, 1997).
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In the Jameson Land Basin, structures and magmatic intrusions play
an important role in the distribution of mineral occurrences (Harpøth
et al., 1986; Thomassen et al., 2014; Wright et al., 1992). A detailed
investigation of magnetic data may therefore provide valuable in-
formation regarding the structural framework of this area, allowing
focusing exploration into favorable settings. The Jameson Land Basin is
covered by several aeromagnetic surveys: one regional survey covering
the whole Arctic area and three local surveys that focus on the northern
part and the western and eastern margins of the basin. This study aimed
to reprocess and interpret these magnetic data to extract geological
features in order to (1) delineate structures over the entire basin and
document their relative ages; and (2) highlight trends in areas with
structurally controlled mineralizations.

2. Regional geology

2.1. Geology

The Jameson Land Basin is the southern part of N-S elongated
Paleozoic–Mesozoic basins extending over c. 800 km along the east
coast of Greenland (Surlyk, 1990). The basin is 80 km wide and bor-
dered to the west and to the east by crystalline basement composed of
Caledonian metamorphic and plutonic rocks (Fig. 1, Henriksen et al.,
2008). Formation of the Jameson Land Basin was initiated in Devonian
with the collapse of the overthickened Caledonian Orogen, accom-
modated by a large extensional phase with SE-NW-oriented dip-slip
faults and NNE-SSW-oriented major normal faults and by sinistral
wrench faulting accommodated by N-S-oriented faults (Larsen et al.,

Fig. 1. Geological map of the Jameson Land Basin at the 1:
1,000,000 scale (Henriksen, 2003). Sills and faults are
modified after the 1: 500,000 scale map (Pedersen et al.,
2013) and dikes from the 1: 100,000 scale maps (Bengaard
and Watt, 1986; Birkelund and Higgins, 1980; Friderichsen
and Bromley, 1976; Friderichsen and Surlyk, 1981;
Henriksen and Perch-Nielsen, 1977; Higgins and
Håkansson, 1980; Perch-Nielsen et al., 1983). Gubbedalen
shear zone redrawn from Augland et al. (2010). Circled
letters refer to mineralized localities described in the text.
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2008). Between 5 and 10 km of Old Red Sandstones accumulated into
Devonian basins prior to the first block faulting and tilting initiated in
Carboniferous (Surlyk, 1990). Syn-rift sedimentation took place in
westward-tilted half-grabens that are bounded to the west by the Post-
Devonian Main Fault–Stauning Alper Fault (Fig. 1, Surlyk et al., 1986).
In Permian times, the entire sedimentary pile was further tilted, uplifted
and peneplaned (Surlyk, 1990). A later Upper Permian transgression
favored deposition of platform carbonates and build-ups and was fol-
lowed by Triassic rifting associated with mainly continental sedi-
mentation. In Jurassic and Cretaceous times, the basin was controlled
by subsidence (Surlyk, 1990). Seismic investigations showed that the
basin has accumulated between 16 and 18 km of sediments in its central
part (Larsen and Marcussen, 1992). The rifting eventually led to the
opening of the North Atlantic Ocean during the Tertiary c. 55 Ma ago. It
was accompanied by intense and widespread magmatism such that the
North Atlantic Province ranks among the largest igneous provinces in
the world (Brooks, 2011) with areal extent and volume of igneous
material intruded and extruded during several magmatic pulses; and
reflecting an anomalous magmatic event (Bryan and Ernst, 2008). In
East Greenland, pre-, syn-, and post-break-up magmatic events are re-
corded over four major time spans:

• around c. 62 Ma; with the earliest magmatic activity reflecting the
arrival of the Icelandic plume located under central Greenland
(Brooks, 2011);

• between c. 56–55 Ma; during the continental break-up, when the
most voluminous volcanic activity occurred, manifesting by the ef-
fusion of flood basalts (Brooks, 2011);

• between 53 and 47 Ma; with the intrusions of sill complexes and
dike swarms (Hald and Tegner, 2000) cutting the basin over its
entire length. On outcrop scale, the sills intrude the sedimentary
sequence at several stratigraphic levels with thicknesses between 10
and 50 m but seismic investigations suggested that they reach
thicknesses of 300 m in the central parts of the basin (Larsen and
Marcussen, 1992). The sills sometimes show stair-stepping and pe-
netrate subvertically through the stratigraphic pile cutting the basin
over large distances and could easily be mistaken for dikes in the
field or from aerial images (Fig. 2). Hald and Tegner (2000) studied
these intrusions which revealed various geochemical compositions.
The most common dikes in the basin are E-W to ESE-WNW-oriented,
high-Ti basaltic dikes belonging to the Scoresby Sund–Jameson Land
dike swarm. Dating suggests that the latter emplaced at c. 53–52 Ma,
postdating the flood basalts by 2–5 Ma and the inception of
spreading by 1–2 Ma. Hald and Tegner (2000) further suggest that
the Scoresby Sund–Jameson Land dike swarm originates from the
passage of East Greenland over the Icelandic plume and/or to a
failed attempt to a shift of the spreading ridge axis towards the west.
At c. 47 Ma, changes in plate motion occurred and oblique spreading
offset by transform faults took place along the newly-formed and
present-day mid-oceanic Kolbeinsey Ridge (Blischke et al., 2016);

• in Late Eocene-Oligocene time; with the intrusion in the northern
part of the basin of alkaline to peralkaline plutons aligned along a
NE-SW trend and extending over 100 km (Haller, 1971; Noe-
Nygaard, 1976) in the continuation of the initial North Atlantic
spreading ridge. These felsic intrusions were dated with younger
ages from the northeast to the southwest, between 41.6 ± 0.5 Ma
for the syenite at Kap Parry and 25.5 ± 0.4 Ma for the Malmbjerg
granite (Fig. 1, Brooks, 2011 and references therein). The Werner
Bjerge complex is the most studied intrusive complex of the area and
hosts the Mo porphyry of Malmbjerg (Bearth, 1959). Sills and dikes
are widespread within the intrusive complexes and in the adjacent
sedimentary rocks, and they display a wide range of compositions
(Brooks, 2011). These intrusions are coeval with a plate re-organi-
zation of the North Atlantic province marked by the end of
spreading in the Labrador Sea and along the initial spreading Ægir
ridge (Blischke et al., 2016; Brooks et al., 2004).

A later uplift of more than 1 km occurred in Miocene time and
subsequent erosion took place (Mathiesen et al., 2000) exposing Pa-
leozoic and Triassic rocks that are of particular interest for mineral
exploration.

2.2. Petrophysical properties

Magnetic properties of rocks depend on their chemical composition,
oxidation ratio of the iron and on their petrogenetic conditions (Clark,
1997). Therefore, many geological factors influence magnetic proper-
ties and magnetic susceptibilities can vary a lot even within the same
rock type and sedimentary formation. Magnetic susceptibility ranges
are only used here as relative indications to understand possible mag-
netic intensity contrasts.

Magnetic susceptibility measurements of rocks of the Jameson Land
Basin are available from five cores drilled in the eastern margin of the
Jameson Land Basin, in central Klitdal (Stelter, 2014). The cores are
composed of granitic crystalline basement and Triassic sedimentary
rocks. Measurements were made every meter and show a magnetic
susceptibility contrast of 10 between the basement and the sedimentary
rocks. The granitic basement has an average susceptibility of
3.09 · 10−3 SI (standard deviation: 6.8 · 10−3 SI; 117 measurements)
while the sedimentary rocks have an average susceptibility of
0.37 · 10−3 SI (standard deviation: 0.47 · 10−3 SI; 1613 measurements).
Among the sedimentary rocks, the Upper Triassic Gipsdalen Formation
and the Middle Triassic conglomerates of the Pingodal Formation show
the highest average magnetic susceptibility, 0.48 · 10−3 SI and
0.42 · 10−3 SI, respectively. A laboratory study on five dike and sill
samples showed an average magnetic susceptibility value of 13 · 10−3 SI
(Fuller, 1986). Furthermore, this study also revealed a majority of re-
versely magnetized samples and a Konigsberger ratio close to or above
1 (Fuller, 1986; Hald and Tegner, 2000). Therefore, remanent and in-
duced magnetization contribute almost equally to the magnetic field
measured over these rocks; which may manifest by either positive or
negative anomalies even within intrusives belonging to the same
magmatic episode (Fuller, 1986).

Based on literature, the following paragraphs present the general
magnetic properties of the rock types encountered in the basin, for
which no magnetic susceptibility data was available. The Caledonian
basement rocks cropping-out in Liverpool Land can be decomposed into
3 groups: the southern Liverpool Land eclogite terrain; Mesoproterozoic
metasedimentary rocks, and plutonic rocks (Fig. 1). The southern part
of Liverpool Land is characterized by a migmatitic orthogneiss bearing
lenses of amphibolite derived from retrograde metamorphism of eclo-
gite; eclogite; and rare ultramafites including garnet-peridotite, ser-
pentinite and pyroxenite (Augland et al., 2010). The protoliths of the
eclogites were mafic dikes intruded in granitoid rocks (Corfu and Hartz,
2011) that were affected by high-pressure metamorphism during the
Caledonian orogeny (Augland et al., 2010). Serpentinised and ultra-
mafic rocks in general are highly magnetic (Clark, 1997) as rock
magnetism considerably increases with serpentinization and eclogiti-
zation of ultra-mafic rocks due to the production of magnetite (Bach
et al., 2006). However, if serpentinized ultramafic rocks undergo higher
grades of metamorphism to amphibolite facies or higher, magnetite
breaks down (Clark, 1997). Similarly, partially retrogressed eclogites
show an increase of magnetization while completely retrogressed
eclogites loose their magnetic properties as the magnetite is replaced by
weakly magnetic minerals (Toft et al., 1990; Xu et al., 2009). The
metasedimentary rocks are composed of paragneisses and locally mig-
matized metasedimentary rocks with inclusion of marble, quartzite and
amphibolite bands (Birkelund and Higgins, 1980). Magnetic properties
of metasedimentary rocks depend on the initial sedimentary composi-
tion and on the metamorphic conditions that they underwent and
therefore have magnetic susceptibility values that expand over a wide
range from 10−5 to 10−1 SI (Clark, 1997). Most of the Liverpool Land is
dominated by plutonic intrusions including hornblende and biotite-
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bearing granite, granodiorite, quartz monzonite and quartz mon-
zodiorite (Friderichsen and Surlyk, 1981). Granite and granodiorite
have magnetic susceptibilities ranging from 10−4 to 10−1 SI but
hornblende and biotite-bearing granitoid series, predominantly ferro-
magnetic, are expected to be in the higher range of susceptibilities
(Clark, 1997). Monzonite and monzodiorite generally have high mag-
netic susceptibility close to 10−1 SI.

Sedimentary rocks in general are considered very little magnetic
with a larger magnetic susceptibility for clastic rocks of large grain size
such as conglomerates (Dentith and Mudge, 2014). Conglomerates and
sandstones deposited in active tectonic setting with a high speed of
deposition are also considered more magnetic as they are more likely to
contain significant quantities of unaltered detrital magnetite. Carbo-
nates, shales, sandstones and siltstones that are iron-deficient have very
low magnetic susceptibilities commonly below 10−3 SI (Clark, 1997;
Dentith and Mudge, 2014).

3. Mineral occurrences in the Jameson Land Basin

In the Jameson Land Basin, mineralizations occur almost within the
entire stratigraphic succession and have mostly been observed along the
basin margins (Harpøth et al., 1986). A non-exhaustive description of
the mineral occurrences relevant to this study is presented in Table 1
according to their host-rock lithostratigraphy and outcrop localities.
The lithostratigraphy is simplified and uses the new Triassic ages from

Andrews et al. (2014). The content is based on the comprehensive in-
ventory of the mineral occurrences in central East Greenland made by
Harpøth et al. (1986), later publications and exploration reports (see
references in Table 1). Occurrences are classified into 4 types:

a) intrusion-related mineralization associated with Paleogene intrusive
complexes (a, b, and c in Fig. 1; Harpøth et al., 1986);

b) stratabound and/or stratiform base metal, silver and uranium mi-
neralization within red-bed sequences or carbonates and black shale
horizons. These can occur at various stratigraphic levels across the
basin (e, g, i, j, k and l in Fig. 1) with the major occurrences hosted
in the Upper Permian and Triassic formations along the eastern
margin of the basin. Although most of the mineralization is strati-
form, within both the Wegener Halvø and Ravnefjeld Formations,
the richest concentrations are found in the vicinity of a N-S-oriented
lineament intruded by a dike (i in Fig. 1, Pedersen, 1997; Pedersen
et al., 2002);

c) stratabound and structurally controlled mineralization occurrences
some of which manifest by large volumes of barite associated with
base metals within Upper Permian karstified carbonates of the
Karstryggen Formation (d in Oksedal, e, g, in Fig. 1; Harpøth et al.,
1986; Pedersen, 1997). Others exhibit vein-type base metal miner-
alization close to, and within fault zones, respectively oriented N160
in Oksedal (d in Fig. 1) and N160-180 in Bredehorn (e in Fig. 1;
Harpøth et al., 1986). In the Karstryggen area (g in Fig. 1), extensive

Fig. 2. Photos showing concordant and trans-
gressive sills intruded in the stratigraphic pile in
the eastern margin of the Jameson Land Basin.
(Top): western side of the Hurry Inlet
Kangerterajiva fjord; (bottom): western side of
the Carlsberg Fjord (see locations in Fig. 1).
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stratabound celestite mineralization occurs within the Upper Per-
mian karstified carbonates and base metal mineralization is found
both stratabound and structurally-controlled along joints of diverse
local directions and in the alignment of NW-SE trending lampro-
phyre dikes (Wright et al., 1992). The rare mineralized showings
found in the Triassic sedimentary rocks in the western margin of the
basin occur as stratabound lead‑zinc occurrences, concentrated
along mafic dikes (Thomassen and Rehnström, 2014);

d) structurally-controlled base metal ( ± As, Sb, Bi, Ag, Au) vein-type
mineralization within host rocks from Caledonian to Devonian age
in Canning Land, Wegener Halvø and northern Klitdal (i, j, and l in
Fig. 1). In Canning land and Wegener Halvø the veins are clearly
controlled by N-S to WNW-ESE oriented faults (Harpøth et al.,
1986); and in northern Klitdal the veins are found within N-S or-
iented faults and breccias (Thomassen and Rink, 2013). Base metal
bearing veins also occur within Upper Carboniferous–Upper Per-
mian sedimentary rocks in Wegener Halvø and Canning Land where
they are related to N-S and NE-SW faults (Thomassen and Rink,
2013; Thomassen et al., 2014) and occur widespread along the
western margin of the basin, associated with N-S and NNW-SSE-
oriented extensional structures belonging to the Stauning Alper
Fault (Harpøth et al., 1986; d, e, f and h in Fig. 1).

Magnetic minerals associated with mineralization are not common
in the Jameson Land Basin. Exceptions are layers of magnetite and
pyrrhotite associated with the Mo porphyry deposit of the Werner
Bjerge complex (Pedersen and Stendal, 2000). Rare pyrite and pyr-
rhotite occur in veins in the Mesters Vig area (Harpøth et al., 1986).
Two pyrrhotite-pyrite-bearing quartzite beds occur in the Argillaceous-
Arenaceous Series of the Lower Eleonore Bay Group in Canning Land
(Harpøth et al., 1986). In central Liverpool Land, disseminations and
small accumulation of pyrrhotite and pyrite occur in quartz-rich
gneisses in contact with marble (Harpøth et al., 1986).

Direct targeting of mineralization is therefore limited to few oc-
currences in the Jameson Land Basin. However, since structures and
magmatic intrusions play an important role in driving mineralizing
fluids and in trapping mineralization, should it be primary or re-
mobilized (Cox et al., 2001; Hildenbrand et al., 2000; Marshall et al.,
2000; Torremans et al., 2013; Tosdal and Richards, 2001), and as de-
tailed in this section, indirect targeting remains essential for focusing
mineral exploration into favorable setting by locating fractures, faults,
dikes and sills as well as plutonic intrusions.

4. Magnetic data, processing and interpretation method

Several aeromagnetic surveys were flown over the years covering
different parts of the East Greenland margin with various resolutions
(Fig. 3; Fugro Airborne Surveys, 2013; Geoterrex-Dighem, 1997;
Nielsen and Larsen, 1974; Schlindwein, 1998; SkyTEM Surveys ApS,
2013; Thorning et al., 1982). Their characteristics are summarized in
Table 2. Some of these data were collected as part of a multi-method
survey such as combined magnetic and electromagnetic surveys. In this
paper, only the magnetic data were used as the focus of this paper is the
structural analysis that can be derived from these.

4.1. Regional surveys

The regional aeromagnetic data used in this paper consist of a grid
of about 3.5 km cell-size over the Jameson Land Basin. It is a grid subset
originating from the Circum-Arctic mapping project (CAMP-GM) which
outcome was a compilation of surveys covering the entire Arctic area
(Gaina et al., 2011). The magnetic grids covering the Jameson Land
Basin region came from a first compilation made by Verhoef et al.
(1996) from two airborne surveys; one realized mainly onshore
(Nielsen and Larsen, 1974) and the other mainly focusing on off-shore
Greenland (Thorning et al., 1982). The onshore data consisted of E-W-

oriented lines flown at a constant elevation of 1820 m and with a
spacing of 5 to 7.5 km.

4.2. Local surveys

Detailed localized surveys were later carried out for mineral exploration
purposes in the northern part of the Jameson Land Basin and along the
eastern margin of the basin (Fig. 3, Table 2; Fugro Airborne Surveys, 2013;
Geoterrex-Dighem, 1997; SkyTEM Surveys ApS, 2013). The AEM97 aero-
magnetic data were collected as part of a combined aeromagnetic and
GEOTEM survey on behalf of the Geological Survey of Denmark and
Greenland (Geoterrex-Dighem, 1997). This survey covers the northern part of
the Jameson Land Basin with E-W-oriented flight lines spaced of 400 m. The
resulting magnetic and electromagnetic anomalies were picked and reported
by Stemp (1998) but no detailed interpretation of the structures highlighted
by this dataset has been published. The Fugro and SkyTEM data were col-
lected on behalf of the exploration company Avannaa Resources for the
purposes of mineral exploration and cover the eastern margin of the basin
(Fugro Airborne Surveys, 2013; SkyTEM Surveys ApS, 2013). The Fugro
dataset covers a slightly larger area than the SkyTEM survey and covers the
Wegener Halvø and Canning Land areas (Fig. 3).

4.3. Magnetic grid processing

The magnetic anomaly grids of each individual survey were reduced to
the magnetic pole (RTP) in order to reposition the anomalies that originate
from magnetization due to the geomagnetic field above their causative
sources (Baranov and Naudy, 1964). This allows a better accuracy in the
location of the interpreted anomalies. RTP was performed based on the
magnetic field inclinations and declinations of each survey at the location and
time that they were conducted (see the geomagnetic inclinations and decli-
nations used for each survey in Table 2). No amplitude correction was ap-
plied. The magnetic signal was then enhanced using various filters to obtain
several maps, each enhancing particular features. Data interpretation such as
structures delineation was performed on the individual survey grids which
offer the best accuracy. However, in order to display the data of the four
detailed surveys with homogeneity in Fig. 4, the reduced-to-pole grids of the
individual surveys were re-gridded with a large cell-size of 150 m; i.e. the
appropriate cell-size for the detailed survey having the lowest resolution; the
grids were merged and three types of signal enhancement were performed.
Upward continuation to 100 or 150 m was applied to reduce the noise as-
sociated with the derivation of the signal as well as to reduce the high level of
detail of the figure which might compromise their readability. Fig. 4a dis-
plays the tilt derivative of the magnetic signal upward-continued to 100 m.
The tilt-derivative is the normalized ratio between the vertical and the total
horizontal first-order derivative of the magnetic field. It has the advantage of
locating equally well the edges of both shallow and deep magnetic sources
(Miller and Singh, 1994). Tilt values are positive over positively magnetized
sources; they reach zero values near the source edges and are negative
elsewhere. Fig. 4b displays the first-order vertical derivative of the magnetic
field upward-continued to 150 m. Vertical derivatives emphasizes short wa-
velength features at the expenses of long wavelength features and resolves
particularly well closely-spaced short wavelength anomalies (Blakely, 1996;
Reeves, 2005). This filter is useful to enhance shallow crosscutting or over-
printing structures such as networks of faults and dikes. Fig. 4c shows the 3D-
magnetic analytic signal upward-continued to 150 m. The 3D analytic signal
accounts for both vertical and horizontal derivatives, and therefore, depends
on the strength and only weakly on the direction of the source's magnetiza-
tion (Nabighian, 1972, 1974; Roest et al., 1992). For this reason, it is very
useful in areas where rocks are bearing remanent magnetization and its use is
therefore appropriate to investigate the Jameson Land Basin that has been
strongly affected by magmatic intrusions carrying this type magnetization
(Fuller, 1986). High values displayed in pink in Fig. 4c reflect high magne-
tization contrasts and are used to locate edges of magnetized structures while
blue values reflect low magnetization contrasts between neighbouring un-
derlying rocks.
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Fig. 3. Reduced-to-pole (RTP) magnetic anomaly map of the
Jameson Land region. The local RTP magnetic data grids were
merged to the regional RTP data grid. Dashed lines show the loca-
tions of the detailed surveys described in Table 2.

Table 2
Parameters of the magnetic surveys used for interpretation located in Fig. 3.

SkyTEM Fugro (1) Fugro (2) AEM97 CAMP-GM

Survey area Klitdal
(~568 km2)

Wegener Halvø &
Canning Land
(~423 km2)

Klitdal
(~1235 km2)

Northern Jameson Land
(~5400 km2)

Arctic region

Survey period Sept–Oct 2013 May–June 2013 May–June 2013 July–Aug 1997
Acquisition company SkyTEM Surveys Aps Fugro Airborne Surveys Fugro Airborne Surveys Geoterrex-Dighem
Survey type Combined airborne

magnetic and SkyTEM
High-resolution gradient
magnetic survey

High-resolution gradient
magnetic survey

Combined airborne
magnetic and GEOTEM III

Magnetic and gravity
data compilation

Terrain clearance 30–40 m 120 m 120 m 120 m
Flight orientation E-W NE-SW N-S E-W
Line spacing 300 m 200 m 200 m 400 m
Tie line orientation N-S NW-SE E-W N-S
Tie line spacing 3000 m 2000 m 2000 m 4000 m
Geomagnetic inclination (I) and

declination (D) used for RTP
I: 79.34; D: −18.69 I: 79.62; D: −18.99 I: 79.36; D: −18.84 I: 79.74; D: −25.87 I: 79.26; D: −29.81

Reference [1] [2] [2] [3] [4]

[1] SkyTEM Surveys Aps (2013); [2] Fugro Airborne Surveys (2013); [3] Geoterrex-Dighem (1997); [4] Gaina et al. (2011).
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4.4. Magnetic interpretation method

Magnetic features were manually delineated based on the aeromagnetic
images produced as mentioned in Section 4.3 within a geographical in-
formation system (ArcGIS 10.4) using the WGS84 UTM Zone 27N complex
(for Arctic region) coordinate system. The study area was divided into several
domains based on their magnetic intensity; but also on their magnetic texture
in the areas covered by the detailed magnetic surveys outlined in Fig. 5. The
so-called magnetic texture is the spatial variation of the amplitude of mag-
netic anomalies. Based on the maps presented in Fig. 4, three different tex-
tures are distinguished and used to define magnetic domains in Fig. 5. A
smooth texture is characterized by dominating long wavelength anomalies
indicating homogeneity in the magnetic properties of the shallow rocks. This

may indicate that the magnetic sources are under a cover of weakly-magnetic
sedimentary sequence. Contrastingly, a rough magnetic texture is created by
the presence of closely-located short wavelength anomalies depicted by al-
ternating positive and negative peak values in the derivatives of the magnetic
signal as well as positive values of the analytic signal (Figs. 4 and 5). A strong
magnetic relief may reflect either a lithology having heterogeneous petro-
physical properties; the structural complexity of the area (Dentith, 1995;
Holden et al., 2012); or even a combination of both. A third type of magnetic
texture is considered here, exhibiting a strong relief due to an overprinting of
distinguishable positive magnetic lineaments oriented in several directions.
This is illustrated in the first-order derivative and tilt derivative maps
(Figs. 4a, b and 5).

Three types of magnetic trends were delineated from the magnetic

Fig. 5. Magnetic domains outlined in the Jameson Land Basin based on magnetic intensity and texture. Magnetic texture examples are given to the right. VD1: first-order vertical
derivative; TDR: tilt-derivative; AS: 3D analytic signal (color scales in Fig. 4). Circled letters refer to localities discussed in the text. Letters (A) to (F) are associated with Cenozoic intrusive
complexes outcrops. Ages of the intrusions: (A, E, F) from Brooks (2011); Brooks et al. (2004) and ref. therein; (B) from Rex et al. (1979); and (C) from Nielsen (2002).
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maps: trends manifesting by positive magnetic lineaments (Fig. 6a and b);
or negative magnetic lineaments (Fig. 6c); and the trends made by the
alignment of sharp terminations, offsets or inflections of magnetic features,
or separating two contrasting magnetic anomaly patterns (Fig. 6d).
Anomalies represent the lateral contrast in magnetization of adjacent rocks.
Positive or negative magnetic lineaments may mark the presence of dikes

that might carry either positive or strong negative remanent magnetization.
Also, a dike intruding almost non-magnetic sedimentary rocks may appear
as a positive anomaly and at the same time appear as a negative anomaly
where it intrudes rocks that have a strong positive magnetization. Fur-
thermore, magmatic material such as dikes and sills often carry strong re-
manent magnetization (Dentith and Mudge, 2014) and may contribute to

Fig. 6. Magnetic trends delineated from detailed magnetic surveys in the Jameson Land Basin (SkyTEM, Fugro and AEM97 surveys). Dotted gray line: outline of the detailed magnetic
surveys. (a) Positive magnetic lineaments with various orientations associated with sill edges. (b) Positive magnetic lineaments. (c) Negative magnetic lineaments. (d) Aligned breaks in
the magnetic signal. Rose diagrams are plotted with 10° bins; petals are scaled by areas; ‘N’ indicates the number of lineaments analyzed; the gray value to the right of the diagrams
indicates the value of outer perimeter as a percentage of total data.
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the measured magnetic field manifesting by either positive or negative
anomalies. Once the magnetic data are reduced to the pole, the magnetic
anomalies caused by subvertical dikes show an almost symmetrical shape
across the dike strike and are either positive or negative depending on the
strength and polarity of the remanent magnetization that they carry. Con-
trastingly, subhorizontal sills outcropping in valley slopes have a magnetic
signal represented by both positive and negative anomalies of similar am-
plitude across the sill edge (Verduzco et al., 2004). It is therefore possible by
inspecting the line data to discriminate between subvertical dikes and the
edges of subhorizontal sills. Faults or fracture zones may be delineated from
discontinuities in the magnetic data, marking a contrast with the magnetic
properties of the neighbouring rocks (Lapointe et al., 1984). Geological
processes may also affect fracture zones after their development such as
alteration, metamorphism, weathering or magmatic intrusions. The miner-
alogy of the rocks around the fracture zone can therefore involve either a
loss or an addition of magnetic minerals (Clark, 1997; Grant, 1985; Henkel
and Guzmán, 1977; Lapointe et al., 1984; Maidment et al., 2000; Wintsch
et al., 1995). This would result in negative or positive linear magnetic
anomalies with respect to the neighbouring rocks. Other authors (Grauch,
2001; Grauch et al., 2006; Grauch and Hudson, 2007; Hudson et al., 2008)
also showed that linear magnetic anomalies associated with faults that
offset basin-fill sediments do not require changes in mineralogy within the
fault zone to create an anomaly which can solely be explained by the jux-
taposition of magnetically differing rocks. Faults may also be characterized
by discontinuities between magnetic domains, manifesting by the trunca-
tion, offset or inflection of magnetic features and patterns (Dentith and
Mudge, 2014; Drenth et al., 2017). In this paper, lineaments associated with
discontinuities in the magnetic texture are interpreted with precaution since
similar discontinuities may also originate from artefacts due to a non-uni-
form terrain clearance and topographic effects. Indeed, in rugged terrains
the topography is not always perfectly draped by the flight survey which
may result in a weaker signal over topographic lows such as valleys or
stronger signal over topographic highs such as ridges (Luyendyk, 1997).
These artefacts can be investigated by comparing the flight elevation to the
topography of the area. However, even a perfect draping does not ne-
cessarily reduce anomalies due to the effect of the topography itself on the
geometry of the magnetic terrain (Grauch and Campbell, 1984).

5. Magnetic domains and trends: correlation with geological
features

The magnetic signature of the Jameson Land region is characterized by
anomalies ranging between −581 and 1228 nT and by a rough texture.
High-intensity anomalies occur at several locations in the area, and the most
prominent ones are annotated with letters from A to K in Fig. 5. As the area
is dominated by sedimentary rocks, which are essentially non-magnetic and
expected to have a smooth magnetic texture, the magnetic anomalies are
interpreted to be mainly caused by the intrusion of volcanic complexes and
by the presence of numerous sills, dikes and faults in the sedimentary se-
quence (Figs. 1, 3 and 4). Magnetic trends of various directions were deli-
neated (Fig. 6) and both positive and negative lineaments were found as-
sociated with mapped dikes. The following paragraphs describe areas of the
basin based on the two observations maps of the magnetic domains and
trends (Figs. 5 and 6). Two detailed magnetic maps and associated inter-
pretation over the western and eastern margins of the basin are provided in
Figs. 7 and 8 and a tentative chronological interpretation is presented in
Fig. 9.

5.1. The northern part of the basin

5.1.1. NE-SW-trending very high magnetic anomalies
The very high and long wavelength magnetic anomalies in the

northern part of the Jameson Land Basin are oriented with a NE-SW
trend that can be followed for more than 100 km in the direction of the
initial spreading ridge (Figs. 3 and 5 letters A to F). These anomalies are
well-known and were already described by Larsen (1975). They

coincide with the Late Eocene-Oligocene subvolcanic complexes in-
truded in Paleozoic and Mesozoic sedimentary rocks and are dated from
41 Ma in the NE to 25 Ma towards the SW (Figs. 1 and 5, letters A to F).
Only the Kap Syenit and Oksehorn areas are covered by a detailed
magnetic survey. In addition to a high magnetic intensity, these areas
are characterized by high analytic signal values, which contours show
the extent of the intrusions (Figs. 4c and 5). The vertical derivative
image (Fig. 4b) enhances the shallowest parts of the intrusions outlined
in Fig. 5. The shallowest part of the Oksehorn intrusion is circular, and
about 2 km in diameter, probably associated with the magnetite-skarn
described by Harpøth et al. (1986). An 11 km long positive magnetic
lineament extends from the Oksehorn intrusion towards the NNW and
could be interpreted as a dike extruded from the Oksehorn intrusion
(Figs. 4 and 6b). This lineament, here called the Oksedal lineament, is
crosscut by several NNE-SSW-oriented positive lineaments that bend to
take a NE-SW and N-S-orientation, to the north and to the east of Ok-
sehorn respectively (Fig. 6b). These trends may be correlated with
trachytic dikes described in the Oksedal area by Swiatecki (1981).
Furthermore, their location and orientation suggest that they originate
from the Werner Bjerge complex which is in agreement with the
crosscutting relationship with the Oksedal lineament and the ages of
Oksehorn and Werner Bjerge intrusions.

5.1.2. Mesters Vig area: a low magnetic intensity affected by short
wavelength anomalies

Contrasting with the very high magnetic anomalies due to the
Paleogene intrusions, a low magnetic intensity dominates the Mesters
Vig area (Fig. 3). This area is characterized by Carboniferous sedi-
mentary rocks and by a NNW-SSE-elongated graben with preserved
Upper Permian and Triassic sedimentary rocks (Fig. 1d). The graben
area, in the central part, has a relatively smooth texture while nu-
merous short wavelength features mark the rest of the area (Fig. 4). In
the northernmost part, a high analytic signal and high amplitude po-
sitive and negative anomaly peaks correlate with mapped doleritic sills
intruded in the sedimentary pile (Fig. 4b and c). This signal is over-
printed by positive magnetic lineaments oriented N-S in the western
part and NNE-SSW in the eastern part of the area (Fig. 6b). These
lineaments respectively coincide with dark basaltic dikes oriented N175
and basaltic dikes oriented N20-30 described by Swiatecki (1981).
Within the graben, the sills are much less offset than the sedimentary
sequence and the locally mapped dikes seem not to be affected by the
graben's faults (Swiatecki, 1981). The sills of this area may therefore
originate from the Early Eocene magmatic episodes while the location,
orientation, crosscutting relationships of the dikes suggest that they
may originate from the Oligocene Werner Bjerge intrusive complex.

The dikes' magnetic signal delineated over the Mesters Vig and Kap
Syenit areas appear to be sharply interrupted along, and sometimes
offset by trends which may be associated with fractures or reactivated
faults (Fig. 6d). These trends show three main orientations:

- NW-SE to NNW-SSE, that is, parallel to the mapped major faults of
the Mesters Vig graben, along which mineralized veins occur
(Swiatecki, 1981);

- NE-SW, parallel to segments of the graben's faults. Breaks in the
magnetic signal are also observed in a corridor in the southern
continuation of the Mesters Vig fjord and could be interpreted as a
fault zone, as interpreted by Guarnieri et al. (2017);

- N90-N110, observed in the northeastern part of the area, which are
also visible in the elevation model and can be traced from the
shoreline to elevated areas.

5.2. The southwestern margin of the basin: high magnetic intensity and
complex texture

A high magnetic intensity dominates the southwestern margin of the
basin but is characterized by different textures (Figs. 3, 4 and 5). A clear

A. Brethes et al.



Fig. 7. Western margin of the Jameson Land Basin (a) First-order vertical derivative of the magnetic field (shading from the NE). (b) Interpreted magnetic trends on the terrain model. The
black rectangle locates the Revdal area in (c) and (d). (c) Geological map draped on the terrain model. Lamprophyre dikes from Larsen et al. (1990); mineralization from Wright et al.
(1992); Scholle et al. (1990) and Kempter (1961). (d) Tilt derivative of the magnetic field (shading from the NE). Note the correlation between the lamprophyre dikes in blue and the
magnetic trends.
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contrast occurs across the eastern side of the N-S oriented valley of Schuchert
Dal, separating a relatively smooth texture to the west from a very rough
relief to the east. The area to the west of the Schuchert Dal is represented by
Carboniferous clastic rocks and Upper Permian carbonates that are overlaid
to the east of the valley by Triassic and Jurassic sedimentary rocks (Fig. 1).
An interpretation of the magnetic trends is proposed in Fig. 7 which shows
the magnetic data over the southwestern margin in detail.

5.2.1. Northern Schuchert Dal
The northern part of Schuchert Dal area is marked by several parallel, E-

W-oriented, positive magnetic lineaments (Figs. 4 and 7a). The northern-
most lineament coincides with a large dolerite dike, analyzed by Hald and
Tegner (2000) and referred as very high-Ti basalt dike which cannot be
geochemically related to the high-Ti basalt dikes commonly observed in the
basin, and may rather originate from a late magmatic episode (Hald and
Tegner, 2000). This dike intrudes the Upper Permian and Triassic forma-
tions and is, together with the Carboniferous, Permian and Triassic sedi-
mentary sequence, offset by a NNE-SSW fault (Fig. 1). Based on their lo-
cation and orientation, the other E-W-trending magnetic lineaments
occurring to the south may belong to the same dike swarm.

5.2.2. Southern Schuchert Dal and Karstryggen area
The most prominent feature of the southwestern margin is the very high

magnetic anomaly occurring in the Karstryggen area (Figs. 4 and 5G). At this
location, the derivatives of the magnetic signal enhance short wavelength
anomalies (Fig. 4), likely to represent shallow structures. They include two N-
S-trending positive lineaments that are the southern continuation of the
Stauning Alper fault branches, down faulting Carboniferous-Upper Permian
sedimentary rocks to the contact with crystalline basement (Figs. 1, 4 and 7a
and b). These two lineaments overprint another positive short wavelength
magnetic anomaly that undulates taking different orientations between Kar-
stryggen and the eastern slope Schuchert Dal (Fig. 7a). In the Karstryggen
area, NNW-SSE-oriented positive magnetic lineaments appear very clearly
and coincide with lamprophyre dikes mapped in the Revdal valley (Fig. 7c
and d). These dikes intrude Carboniferous sedimentary rocks and are termi-
nated by breccias at the boundary between the Upper Permian conglomerates
of the Huledal Formation and of the Upper Permian limestones of the Kar-
stryggen Formation (Larsen et al., 1990). Initially interpreted as Late Permian
age by Stemmerik and Sørensen (1980), the dikes were dated c. 47 ± 2 Ma
by Larsen et al. (1990) who suggested that the Tertiary dikes chilled and
crystallized at the base of the water-rich Upper Permian carbonates. While
the very high anomaly in Karstryggen is consistent with a southerly extension
of the late Eocene-Oligocene intrusive complexes that affect the northern part
of the basin, this long wavelength anomaly may also be due to the presence
of numerous Middle Eocene lamprophyre dikes concealed below Upper
Permian limestones. The magnetic lineaments associated with the lampro-
phyres dikes can be followed for more than 20 km to the south, in the
southern part of Schuchert Dal. They appear deformed in the central part of
Schuchert Dal (Fig. 7a and b) where the magnetic signal is also marked by
NNE-SSW-oriented positive magnetic lineaments running parallel to the
valley (Fig. 7a and b). Along the eastern slope of Schuchert Dal valley some of
the NNE-SSW-trending lineaments correlate with concordant sill edges out-
cropping at different levels in the Triassic and Jurassic stratigraphy (Fig. 1).
The magnetic lineaments associated with the lamprophyre dikes appear
cross-cut by NE-SW-oriented breaks in the magnetic signal. These magnetic
signal breaks affect both the lamprophyres' and the sills' magnetic signal and
are observed all over the basin (Fig. 6d). They have the same orientation than
the faults of the Triassic rift (Guarnieri et al., 2017) and may be interpreted as
Triassic faults, reactivated at several times.

5.2.3. East of Schuchert Dal
East of Schuchert Dal, the magnetic signatures are mostly characterized

by a complex overprint of short wavelength magnetic anomalies aligned in
different directions (Fig. 7a and b). In the southernmost eastern slope of
Schuchert Dal, NNE-SSW-oriented magnetic lineaments coincide with sills

of alkaline composition (Hald and Tegner, 2000), intruded at the base of the
Jurassic sedimentary sequence (Figs. 6a, 7a and b). In a few places, the
lineaments are discordant with the stratigraphy and may represent trans-
gressive parts of the sills. The NW-SE-oriented lamprophyre dikes have a
very clear magnetic signal in Schuchert Dal which becomes subtle towards
the southeast where upper formations of the Jurassic outcrop. In this area
and to the north, NW-SE-oriented breaks in the magnetic signal cross cut
and in some locations appear to offset the sills' magnetic signal with an
apparent right-lateral movement (Fig. 7a and b). Such trends are observed
at the boundary between Klitdal and Liverpool Land where they act as
transfer faults associated with the Triassic rifting (Guarnieri et al., 2017)
and could be associated with reactivated Triassic faults in the western
margin of the basin.

The northernmost part of this area (Fig. 7), located just south of the
Werner Bjerge complex, shows a strong magnetic relief characterized
by positive magnetic lineaments with N-S and NW-SE orientations
(Fig. 6b). These lineaments are interpreted to belong to the dike swarms
occurring in the Mesters Vig area, probably originating from the Werner
Bjerge complex (Fig. 9c). In this area, we also observe NW-SE and NE-
SW-oriented breaks in the magnetic signal, respectively parallel to
Carboniferous and Triassic faults mapped in the surroundings and could
be interpreted as such (Figs. 6d and 9d).

5.3. The Ørsted Dal area: a magnetic signature reflecting sill intrusions

Ørsted Dal is an ENE-WSW-oriented valley located to the south of
the Kap Syenit intrusion (Fig. 1). A generally low magnetic intensity
dominates this area (Fig. 3). However, while the area between Kap
Syenit and Ørsted Dal is characterized by a relatively smooth magnetic
texture (Figs. 4 and 5); the elevated areas located just west and south of
the valley present a strong magnetic relief with a high analytic signal
and high amplitude values in the vertical derivative map (Fig. 4),
marked with a grey dots pattern in Fig. 5. The short wavelength
anomalies are represented by tortuous magnetic anomalies with alter-
nating positive and negative peaks that are concordant with the stra-
tigraphy in an indented topography (Fig. 4b). These anomalies are in-
terpreted as sill edges and may be due to either doleritic sills of high-Ti
basaltic composition described in the Upper Triassic Fleming Fjord
Formation and the Lower Jurassic Kap Stewart Formation over c.
800 km2 (Hald and Tegner, 2000); or with doleritic and alkali basalt
sills intruded higher in the stratigraphy such as described by Hald and
Tegner (2000).

5.4. The very high anomaly in the center of the basin

A very high magnetic anomaly appears with a NW-SE orientation in
the central part of the basin (I in Fig. 5). At the outcrop this area is
characterized by Jurassic sedimentary rocks that lay on a very thick
sedimentary sequence (Larsen and Marcussen, 1992). Considering the
geological context of the area and considering that the sedimentary
sequence has a low magnetic susceptibility, a possible explanation for
such a broad and high magnetic anomaly within the basin could be the
presence of a magnetic basement high. The latter may either be due to a
crystalline basement horst or to an intrusion, both generally more
magnetic than sedimentary rocks.

5.5. The eastern margin of the basin: a clear magnetic contrast between the
north and the south

The eastern margin of the basin is divided into two major magnetic
domains by a NE-SW trend occurring in central Klitdal (Figs. 3 and 4).
Guarnieri et al. (2017) interpreted this trend as a major Triassic fault
belonging to the NE-SW and NNE-SSW-oriented Klitdal fault system
down-faulting the northwestern part of the area with at least 500 m
of displacement estimated upon drill-hole results and electrical
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conductivity data. Seismic interpretations even suggest the accom-
modated Early Triassic syn-rift sedimentary sequence to be more than
2000 m thick in the wedge-shaped basin (Guarnieri et al., 2017).

5.5.1. Wegener Halvø and Canning Land
The northern part of the eastern margin is characterized by a low

magnetic intensity and a rather smooth magnetic texture (Figs. 3, 4, and
5). However, the Wegener Halvø peninsula is marked by a long

wavelength high magnetic intensity anomaly oriented NE-SW along the
peninsula with high positive angles in the tilt derivative map and a low
analytic signal (Figs. 3, 4 and H in Fig. 5). This indicates a rather
homogeneous source of positive magnetization. Possibly significant
magnetic rocks known in this area are the pyrrhotite-pyrite quartzite
beds occurring in the lower part of the Neoproterozoic-Ordovician
rocks of the Eleonore Bay Supergroup. Although these are exposed in
Canning Land, they do not generate a magnetic anomaly in Canning

Fig. 8. Eastern margin of the Jameson Land Basin. (a) Tilt-
derivative of the reduced-to-pole magnetic field upward con-
tinued to 100 m (shaded from the NE). Geological structures
from Birkelund and Higgins (1980); Perch-Nielsen et al. (1983)
and Guarnieri et al. (2017). Note the consistency between
faults, dikes and magnetic trends. (b) Magnetic trends inter-
pretation on the terrain model. (c) Northern Klitdal: first-order
vertical derivative of the reduced-to-pole magnetic field of the
SkyTEM survey, upward-continued to 50 m. Note the correla-
tion between interpreted magnetic trends, mapped faults and
mineralization occurrences. Mineralization from Harpøth et al.
(1986); Thomassen et al. (2014); Thomassen and Rink (2013).
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Land. Contrastingly, the eastern tip of Canning Land shows local high
magnetic anomaly and high analytic signal peaks which coincide with a
Caledonian granite (Figs. 1 and 4). Likewise, the eastern tip of Wegener
Halvø and the northern and southern parts of Canning Land display
high analytic signal values which coincide with the outcrop of Lower
Devonian rhyolitic rocks, which might be under cover in the rest of the
peninsula (Figs. 1 and 4c). Paleozoic and Triassic red beds, carbonates
and shales dominate the rest of the Wegener Halvø and Canning Land
peninsulas (Fig. 1). Although no magnetic minerals of particular im-
portance were described from these formations, it cannot be excluded
that the large and long wavelength anomaly of Wegener Halvø origi-
nates from susceptible sedimentary layers or volcanic intrusives, either
outcropping or under sedimentary cover. As magmatic intrusions are
quite common in the Jameson Land Basin, the presence of a relatively
deep intrusion below Wegener Halvø could also explain the relatively
low amplitude and long wavelength anomaly. Last but not least, as-
suming sedimentary rocks to be less magnetic than crystalline base-
ment, a shallow magnetic basement high could also explain this
anomaly. The intrusion or the basement high may be bordered to the
NW and SE by NE-SW-oriented normal faults such as those proposed by
Guarnieri et al. (2017), segmenting the eastern margin of the Jameson
Land Basin.

Magnetic breaks trending N-S to NNE-SSW and WNW-ESE segment
the Canning Land peninsula and it seems that four of the NNE-SSW
oriented trends are offset from each other by the WNW-ESE trends with
an apparent right-lateral displacement (Fig. 6d). They may be corre-
lated with the Devonian conjugate shear faults described by Harpøth
et al. (1986) and at the intersection of which mineralized veins occur.

5.5.2. The western side of the Carlsberg Fjord and Klitdal area
The western side of the Carlsberg Fjord is marked by N-S to NNW-

SSE-trending negative magnetic lineaments running from central
Klitdal up to the Wegener Halvø area (Figs. 4 and 6c). These lineaments
are well correlated with locally mapped faults and dikes (Figs. 1 and 8).
The N-S and NNW-SSE-oriented faults such as the Tvekegledal fault, the
Mesters Vig graben's faults and the Bredehorn faults (i, k, d and e in
Fig. 1) may be of Carboniferous age and are locally mapped cutting
through the Triassic and Jurassic sedimentary sequence along the
western slope of the Carlsberg Fjord (Fig. 1k) indicating their re-
activation. The N-S to NNW-SSE magnetic lineaments along the western
slope of the Carlsberg Fjord may be associated with similar faults, some
of which have later been intruded by strongly remanent dikes bearing
reverse magnetization.

Positive magnetic lineaments with a WNW-ESE and NW-SE-or-
ientation strongly affect the basin along the western side of the
Carlsberg Fjord (Fig. 6b). They are associated with locally mapped
doleritic dikes that extend towards the western margin of the basin
(Fig. 1). Their magnetic signal is cross-cut by NW-SE-trending negative
magnetic lineaments also coinciding with mapped dikes (Figs. 6c and
8a, b, c).

Along the western part of Klitdal, tortuous negative magnetic
lineaments correlate with sill edges that are mapped or observed from
aerial photos (Fig. 2 bottom; Figs. 6a and 8c). In Klitdal, the magnetic
signal of the sill edges is mostly concordant with the stratigraphy, while
towards the west, the magnetic signal seems to mark transgressive parts
of the sills that cross-cut the stratigraphy (Figs. 2 and 6a).

5.5.3. Southern Klitdal and Liverpool Land
Liverpool Land is marked by a generally high magnetic intensity and

a high magnetic relief associated with shallow or outcropping crystal-
line basement (Figs. 1, 3, 4 and J in Fig. 5). Liverpool Land is dominated

by metasedimentary rocks intruded by Caledonian plutonic rocks
(Fig. 1; Birkelund and Higgins, 1980). As mentioned in Section 2.2, the
plutonic rocks are of granitoid composition, biotite and hornblende
bearing, which generally have moderate magnetic susceptibility and
might explain the high magnetic intensities in the area. The multiphase
intrusions (Corfu and Hartz, 2011) and long geological history of the
metasedimentary rocks result in a rather heterogeneous crystalline
basement creating a strong magnetic relief in Liverpool Land. This area
is also marked by numerous magnetic lineaments such as E-W-trending
negative magnetic lineaments, that appear to be cross-cut by mainly
NE-SW- and minor NW-SE-trends (Figs. 6c and d and 8). Three NW-SE-
trending negative magnetic lineaments associated with mapped dikes
also cross-cut the E-W to ESE-WNW trends in central Klitdal, at the
border of Liverpool Land and at the head of the Hurry Inlet Kanger-
terajiva Fjord (Fig. 6c). Some NE-SW trends are collocated with mapped
faults while some of the E-W to ESE-WNW trends are collocated with
few mapped faults and dikes (Fig. 8). The E-W to ESE-WNW trends seem
to be limited to the south of the Triassic rift fault system of Klitdal
where crystalline basement is shallow or outcropping and are therefore
interpreted as related to the Caledonian history of the area.

The southernmost part of the Liverpool Land basement is dominated
by a NE-SW-oriented very high magnetic intensity anomaly that pro-
longates offshore to the southwest (Fig. 3 and K in Fig. 5). The area
affected by this anomaly is characterized by an eclogite terrane sepa-
rated by the high-strain Gubbedalen Shear Zone from overlying meta-
sedimentary rocks intruded by a plutonic complex in Silurian time
(Fig. 1, Augland et al., 2010; Buchanan et al., 2007). The eclogite ter-
rane is characterized by eclogite-bearing migmatitic granitoid gneisses
with lenses of amphibolite, eclogite and ultra-mafites (Augland et al.,
2010). As described in Section 2.2, partially retrograde eclogite and
serpentinite usually have high magnetic properties and they could po-
tentially contribute to the very high magnetic anomaly observed in
southern Liverpool Land. However, the NE-SW-elongated shape of the
anomaly extending tens of kilometers towards the southwest and par-
allel to the Cenozoic calco-alkali intrusive complexes affecting the
northern part of the Jameson Land Basin may also be interpreted to be
caused by the presence of a concealed Cenozoic intrusion.

At the head of the Hurry Inlet Kangerterajiva Fjord, the magnetic
signature varies abruptly and is rather characterized by a magnetic
trough with a smooth texture that can be explained by the presence of
Mesoproterozoic metasedimentary rocks and Paleozoic sedimentary
rocks at the outcrop, contrasting with the surrounding plutonic rocks
(Figs. 1, 4 and 6). This magnetic trough is overprinted by NNE-SSW-
oriented positive lineaments some of which coincide with locally
mapped lamprophyre dikes, dated to c. 243 Ma by Kofoed (1998) and c.
262 and 264 Ma by Buchanan (2008) (Figs. 3 and 6b). These trends can
be followed towards the north where they manifest as breaks in the
strong magnetic signal associated with the outcropping plutonic rocks
and are interpreted as the continuation of the lamprophyre dikes
(Figs. 6d and 9a). These dikes represent the only evidence of Triassic
volcanic activity in the area and highlight the importance of the Triassic
rifting characterized by NE-SW and NNE-SSW faults as described by
Seidler et al. (2004) and Guarnieri et al. (2017).

6. Summary of the timing of the geological events and related
magnetic anomalies

Fig. 9 proposes a chronological interpretation of the geological
features responsible for the magnetic anomalies highlighted in this
study.
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6.1. Caledonian–Triassic

Fig. 9a shows the magnetic domains in Liverpool Land associated
with Caledonian basement composed of rather magnetic rocks in most
of the area, low magnetic rocks in the northern part and highly mag-
netic rocks probably due to Caledonian intrusive bodies in the southern
part. Canning Land is segmented by N-S and WNW-ESE-oriented faults,
probably of Devonian age (Harpøth et al., 1986). The southern part of
Klitdal was intruded in Upper Permian-Triassic time by NNE-SSW-
trending lamprophyre dikes (Kofoed, 1998; Buchanan, 2008) in re-
sponse to the extensional tectonic regime that resulted in a NE-SW and

NNE-SSW-oriented Triassic rift system that separates Liverpool Land
and the southern part of Klitdal from the rest of the basin (Guarnieri
et al., 2017).

6.2. Early Eocene

After the Mesozoic rifting, subsidence and sedimentary deposition,
the basin was affected by magmatic activity in Cenozoic time. Fig. 9b
displays magnetic anomalies interpreted to be caused by Early to Mid-
Eocene geological features. During this period, the area was intruded by

Fig. 9. Chronological interpretation of the main
magnetic trends and domains. (a) Caledonian to
Triassic; (b) Early to Mid-Eocene. Carb.:
Carboniferous; −: negatively; +: positively; (c) Late
Eocene to Oligocene; (d) Oligocene and post-
Oligocene.
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numerous sill complexes and dike swarms. Some of the sill edges deli-
neated in Fig. 9b may however be caused by Late Eocene-Oligocene
volcanism that accompanied the Werner Bjerge intrusive complexes but
it is not possible to identify them only from the magnetic data. The dike
swarms have a NW-SE to WNW-ESE-orientation which is a common
orientation in the basin associated with high-Ti basaltic dikes from the
Scoresby Sund–Jameson Land dike swarm complex. The latter belongs
to the same magmatic episode than the sills in Ørsted Dal dated at c.
52 Ma (Hald and Tegner, 2000). Hald and Tegner (2000) reported that
the high-Ti dolerites are cross-cut by alkaline sills and ESE-trending
dikes, dated between 55 and 47 Ma and that these two geochemical
types cannot originate from the same magmatic source and must re-
present distinct magmatic pulses. Parallel to, and bordered by the NW-
SE to WNW-ESE-trending dikes, the high magnetic anomaly in the
center of the basin may be interpreted to be caused by a concealed
magmatic body intruded during this period.

6.3. Mid-Eocene

Lamprophyre dikes intruded the western margin of the basin around
47 Ma (Larsen et al., 1990), coeval with changes in plate motion with
the beginning of oblique spreading along the mid-oceanic Kolbeinsey
ridge (Blischke et al., 2016). They result in numerous NNW-SSE to NW-
SE-oriented positive magnetic lineaments and in a high magnetic
anomaly.

6.4. Late Eocene–Oligocene

In Late Eocene-Oligocene, subvolcanic intrusions affected the
northern part of the basin from Kap Parry to Werner Bjerge and Malm
Bjerg between 41.6 and 25.5 Ma, accompanied by numerous dike
swarms and sills (Fig. 9c). Possibly concealed intrusions may also sit
with a NE-SW orientation along the Wegener Halvø peninsula and in
the southernmost part of Liverpool Land.

6.5. Oligocene and post-Oligocene

Pre-existing fractures or faults in the basin may have been re-
activated at different times, synchronously with the magmatic intru-
sions, and during the Miocene uplift that affected the area, causing
breaks in the magnetic signal (Figs. 6d and 9d). Among these, the NE-
SW and NW-SE trends have the same orientation than normal faults and
transfer faults of the Triassic rift system (Seidler et al., 2004; Guarnieri
et al., 2017) and may be interpreted as reactivated Triassic faults
(Fig. 9d). Magnetic breaks with a N140-160 orientation, parallel to the
main faults of the Mesters Vig graben and Bredehorn areas and along
the western slope of the Carlsberg Fjord (Fig. 1d, e, i and j) are inter-
preted as reactivated Carboniferous faults (Fig. 9d).

7. Correlation between magnetic anomalies and mineralized
systems

Magnetic data allowed delineation of many structures some of
which may control mineralized systems. This section compares known
mineralized areas of the basin and associated structural controls with
the structures delineated from the magnetic data. This section is illu-
strated in Fig. 10 which displays the main known mineral occurrences,
the magnetic lineaments and the outcrops and possible subcrops of the
relevant host-rocks surrounding the known mineralized areas.

7.1. Base metal veins in Mesters Vig, Oksedal and Bredehorn areas

In the Mesters Vig area, Pb-Zn sulfide-bearing quartz-barite veins
are widespread in Carboniferous-Upper Permian sedimentary rocks and
are mainly associated with N140-160 oriented faults controlling a
NNW-SSE elongated graben (Harpøth et al., 1986). In Oksedal

stratabound and vein-type barite and lead‑zinc mineralization occurs in
Upper Permian carbonates parallel to a fault oriented N160 (Fig. 1d;
Swiatecki, 1981; Harpøth et al., 1986). Several lineaments oriented
with these trends were delineated from the magnetic data (Fig. 6d). In
the western part of Mesters Vig area, lineaments associated with dikes
showed in green in Fig. 10, are closely located to and have the same
trend than a few mineralized veins. However, towards the east, most of
the veins have the same trend than breaks in the magnetic signal shown
in blue in Fig. 10. The red polygon in Mesters Vig area maps the out-
cropping host rocks where the mineralized veins occur, i.e. the Car-
boniferous and Upper Permian rocks while the yellow polygons mark
areas where these favorable host rocks may be present below Triassic
rocks or Quaternary deposits. The lineaments delineated from aero-
magnetic data within these polygons might be potential areas where to
focus exploration for Pb-Zn vein-type mineralization (Fig. 10).

South of the Werner Bjerge complex, the Bredehorn area hosts large
occurrences of massive barite-quartz-galena (-sphalerite) as conform-
able sheets and cross-cutting veins within Upper Permian rocks.
Mineralization distribution is controlled by N160-180 oriented fault
zones that are believed to have acted as fluid pathways and are now
filled in by vein mineralization (Fig. 1e; Harpøth et al., 1986). This area
is located just outside the detailed magnetic data coverage, however,
several kilometers south, similar trends were delineated from the
magnetic data (Fig. 6b and d). Areas where Upper Permian rocks crop-
out are marked with a red polygon in Fig. 10 and areas where Upper
Permian rocks are inferred at depth are marked with a yellow polygon.
The trends delineated from aeromagnetic data occurring within these
polygons might be of interest for investigations of Pb-Zn mineralization
in Upper Permian rocks in this area (Fig. 10).

7.2. Pb-Zn in Karstryggen

In the Karstryggen area, both stratabound and structurally con-
trolled base metal mineralization is found. The zinc mineralization is
restricted to the karstic limestones of the Upper Permian Karstryggen
Formation and occurs as matrix fill and within stylolites and joints
(Wright et al., 1992). Mineralized areas are reported to be centered
around the projected traces of lamprophyre dikes mapped in Revdal
(Fig. 7c; Larsen et al., 1990; Wright et al., 1992). Wright et al. (1992)
suggest that Zn-rich rising fluids were driven with the intrusion of the
lamprophyre dikes and migrated into the carbonate host-rock ex-
ploiting the jointing parallel to which the dikes are intruded. The
magnetic data allowed tracing the lamprophyre dikes below the Upper
Permian and Quaternary cover over more than 20 km towards the south
(Fig. 7a and b). A prospective area could be defined and is marked by a
red polygon in Fig. 10 where Upper Permian rocks crop-out and lam-
prophyre dikes are identified from magnetic data. Another potential
area is outlined in yellow in Fig. 10 where lamprophyres are delineated
and where Upper Permian rocks might be present below the Triassic
and Jurassic sedimentary sequence.

7.3. Base metals in Upper Permian rocks along the eastern margin of the
basin

Along the eastern margin of the basin, stratabound mineralization
hosted within the Upper Permian rocks is restricted to Wegener Halvø (i
in Fig. 1) and manifests by occurrences of Cu, Ba ± Pb, Zn within
carbonate build-ups of the Wegener Halvø Formation and Pb-Zn oc-
currences in the black shales of the Ravnefjeld Formation. The richest
zones of mineralization are confined to the vicinity of N-S and NW-SE
faults such as the Tvekegledal Fault, breccia zones and dikes (Fig. 1;
Pedersen, 1997; Pedersen et al., 2002; Thomassen and Rink, 2013). The
faults may have driven basinal mineralizing fluids into the overlying
sedimentary rocks while the dikes may represent an evidence of mag-
matic sources of energy that drove the fluids. Numerous N-S and NW-
SE-oriented, negative magnetic lineaments were delineated over long
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distances along the western side of the Carlsberg Fjord from Wegener
Halvø to central Klitdal and coincide with locally mapped faults and
dikes (Figs. 6c and 8b). The outcrop of Upper Permian sedimentary
rocks along the eastern margin is mostly limited to Wegener Halvø
(outlined by a red polygon in Fig. 10) but mineralization hosted in
Upper Permian rocks might also be present under the Triassic cover on
Wegener Halvø and to the south, along the Carlsberg Fjord (indicated
by yellow polygons in Fig. 10) and concentrated along the magnetic
lineaments highlighted here.

7.4. Ag-bearing base metal veins in Canning Land

In Canning Land, Ag-bearing base metal en-echelon veins occur
within Neoproterozoic and Cambrian clastic and carbonate rocks, in
Devonian clastic rocks and intermediate to felsic volcanics, as well as in
a Caledonian granite. The veins are clearly structurally controlled by
conjugate shear faults oriented N165-180 and N120 (j in Fig. 1;

Harpøth et al., 1986). Magnetic data highlighted unmapped N-S
trending lineaments that cross-cut the peninsula along with WNW-ESE-
oriented lineaments (Fig. 6d). These lineaments correlate with the or-
ientation of the faults controlling mineralization and are located where
mineralization host-rocks crop-out; marked by a red polygon in Can-
ning Land in Fig. 10. The trends within the red polygon may define key
areas where to focus exploration for Ag-bearing base metal vein mi-
neralization (Fig. 10).

7.5. Structurally-controlled Ag and base metals in basement breccias in
Klitdal and Liverpool Land

In the northernmost part of Klitdal, at the boundary with Liverpool
Land, a brecciated granite exhibits chalcocite-bornite-hematite and
galena-chalcopyrite; and scattered pyrite‑copper‑lead showings also
occur around N-S to NE-SW-oriented faults (l in Figs. 1 and 8c;
Thomassen and Rink, 2013). These faults are well imaged on the

Fig. 10. Known mineral occurrences in the Jameson Land
Basin; areas of outcrop or possible subcrop of host-rocks for
mineralization; and structures delineated from aeromagnetic
data which may be of importance for mineral exploration tar-
geting.
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magnetic data and a ground survey with East-West survey lines would
allow mapping more accurately their extent under the Quaternary de-
posits that cover the area.

7.6. Cu occurrences in central Klitdal

In the central Klitdal area, chalcocite and hematite occur dis-
seminated and in veinlets in the Middle Triassic Klitdal Member and
present a mineral zonation around a WNW-trending lineament which
may have acted as a feeder for mineralizing brines (Fig. 8b; Thomassen
et al., 2014). This lineament is associated with a dike, and along with
several similar trends, it can be traced over more than 10 km on the
magnetic data. Locating dikes that crosscut the Triassic Klitdal Member
in this area may help focusing exploration close to feeding structures. In
the Klitdal area in Fig. 10, polygons mark areas close to the dikes de-
lineated from aeromagnetic data where the Klitdal Member crops-out
(red polygons) and where it is inferred under cover (yellow polygons).

7.7. Intrusion-related mineralization

The high magnetic anomalies in Wegener Halvø and in southern
Liverpool Land have the same orientation as the Late Eocene–Oligocene
intrusions in the northern part of the basin and if they originate from
similar intrusions, they could be of economic interest. Furthermore, the
high magnetic anomaly at Oksehorn may be associated with the mag-
netite skarn caused by the alkali syenite intrusion into calcareous and
dolomitic rocks (Harpøth et al., 1986). Minor iron skarns were also
described to occur at the margins of Tertiary sills intruded in sedi-
mentary rocks (Thomassen and Rehnström, 2014). The delineation of
dikes and sills from magnetic data over the entire area may be an asset
to target iron skarn mineralization.

8. Conclusion

This study shows the potential of using magnetic surveying as a
primary approach for mineral exploration in a geological context such
as the Jameson Land Basin. Jameson Land is the southernmost part of
800 km long, N-S elongated Post-Caledonian basins where base metal
mineralization is also known to occur. Applying similar techniques
could be a good asset for defining new exploration targets within these
basins.

Mineralizations in the Jameson Land Basin occur in several con-
figurations: disseminated and in veins, stratabound and/or stratiform;
structurally-controlled within fault zones and breccias; and associated
with Tertiary intrusives. In many cases, the stratabound and stratiform
mineralizations display richer concentrations along specific structures,
enhancing the importance of mapping structures for mineral explora-
tion within the Jameson Land Basin. The integration of a detailed in-
terpretation of magnetic anomalies in the northern part and the western
and eastern margins of the basin, with the geological knowledge of the
area, allowed identification of dikes, sill edges, large intrusive bodies,
as well as potential faults or fractures. Therefore, locally-observed
geological features were interpreted to extend over large distances from
aeromagnetic data, some cross-cutting relationships were established
helping to constrain relative ages, and some correlations with absolute
dating and geochemical analysis were also made. A tentative chron-
ological interpretation has been proposed and the newly delineated
structures were compared with known structural controls on the mi-
neralization systems in the basin, providing new insights for focusing
mineral exploration into favorable structural settings.
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Abstract The Triassic rift basin along the east Greenland margin described in this paper is represented by
NE-SW trending basins and highs segmented by NW-SE trending transfer zones. Coarse-grained sediments
along the eastern side of Jameson Land are shown to be hosted in half-graben structures belonging to
the Carlsberg Fjord Basin that is bounded by NWdipping normal faults mapped and described after fieldwork
in the Klitdal area in Liverpool Land. New aeromagnetic and electromagnetic data together with new drill
cores allow the reinterpretation of available seismic lines showing the continuation of the Triassic rift basin
toward the SW where it is buried under the Upper Triassic postrift sediments and the Jurassic successions of
the Jameson Land Basin. The N-S trending Liverpool Land, interpreted as the boundary block of the Triassic
basin, is shown to represent a structural high inherited from the Late Carboniferous tectonics and faulted
during the Triassic rifting. The Carlsberg Fjord Basin and the Klitdal Fault System described in this paper
should be seen as analogues to the Helgeland Basin in the Norwegian offshore that is bounded by the
Ylvingen Fault Zone and to the Papa and West of Shetlands Basins that are bounded by the Spine Fault. The
Triassic rift zone and transfer faults on both conjugate margins show a straightforward correlation with
the trends of the initial spreading line and fracture zones of the northeast Atlantic indicating a possible
inheritance of the Triassic rifting.

1. Introduction

Jameson Land in central east Greenland hosts Palaeozoic to Mesozoic sedimentary successions bounded by
the N-S trending Liverpool Land to the east and the Stauning Alper to the west (Figure 1). During Triassic time
east Greenland was affected by a major phase of basin margin uplift and rapid fault-controlled basin subsi-
dence leading to the sedimentation of coarse-grained red alluvial fan succession [Clemmensen, 1978,
1980a]. The coarse-grained unit passes laterally into sandy floodplain deposits with longitudinal drainage
toward the north. Aeolian dune sands continued to be deposited in the western part, while variegated gyp-
siferous sandstone-mudstone cycles characterized the eastern part [Surlyk, 1990]. Fault activity documented
during the Early Triassic was associated with incised submarine canyons described in the Wordie Creek
Formation at Wegener Halvø [Seidler, 2000; Seidler et al., 2004] (Figure 1).

This paper describes new geological and structural data that together with new aeromagnetic, electromag-
netic, and drill core data allow to reinterpret 2-D seismic lines defining the architecture of the Triassic rift zone
and the geometry of the NE-SW trending boundary faults crosscutting the N-S trending Liverpool Land, a
structural feature inherited from the Late Carboniferous tectonics [Vischer, 1943; Stemmerik et al., 1991].

2. Permian-Triassic Evolution of the East Greenland Margin

According to Vischer [1943] and Haller [1971], the continental margin of central east Greenland was strongly
faulted along N-S trending tectonic lineaments in post-Devonian time. During the Late Carboniferous coarse
clastic sediments were accumulated along N-S trending westward tilted half-graben structures [Stemmerik
et al., 1991]. In the Late Permian, shallow marine conditions were established after a long period of pene-
planation. The Foldvik Creek Group reached a maximum thickness of about 200m and is represented by
the Huledal Formation consisting of poorly sorted, immature fluvial conglomerate beds and sandstones,
resting unconformably on the mid-Permian unconformity, followed by carbonate and gypsum deposits of
the Karstryggen Formation. The Ravnefjeld Formation follows upward and is represented by black, bitumi-
nous laminated mudstones laterally equivalent and interfingered with reef carbonates of the Wegener
Halvø Formation.
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The Permian-Triassic boundary in east Greenland is reported to be both unconformable and conformable.
Variable and large amounts of the Upper Permian succession were eroded prior to the Griesbachian trans-
gression [Stemmerik et al., 1997] in some areas. Numerous Lower Triassic incised submarine canyons were
eroded down into the Upper Permian succession giving rise to the reworked Permian sediments occurring
high up in the Triassic succession [Birkenmajer, 1977; Seidler, 2000; Wignall and Twitchett, 2002].

The central and deeper part of the basin experienced continuous marine sedimentation, as no hiatus
between the Permian and the Triassic is observed [Piasecki, 1984]. The thickness of the Wordie Creek
Formation varies from ~270m in the marginal parts of the basin to 750m basinward [Seidler, 2000]. The thick-
ness variation depends on location in the subbasins relative to synsedimentary faults [Seidler, 2000]. In east

Figure 1. Geological map of the east Greenland margin (modified after Escher and Pulvertaft [1995] and Guarnieri [2015]).
Inset map: JL = Jameson Land. Trace of the geologic cross section of Figure 7 is indicated. The location of two interpreted
seismic lines (1988-19D and 1988-04D) and geologic cross sections are indicated with red lines.
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Figure 2. (a) Geological map of the Klitdal area (see location in Figure 1). (b) Stereoplots showing the kinematics of major
faults and the paleostress reconstructed from inversion of fault slip data (lower hemisphere). (c) Geologic cross section
of the Trefjord Bjerg-Klitdal transect (location marked with blue line in Figure 2a). Fo = Foldvik Creek Group (Upper
Permian), Wo =Wordie Creek Formation (Lower Triassic).
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Greenland, the boundary between the marine Wordie Creek Formation and the overlying, 700m thick, con-
tinental Pingo Dal Formation is marked by a major unconformity [Perch-Nielsen et al., 1974; Clemmensen,
1980b; Seidler, 2000]. The new paleontological work by Andrews et al. [2014] has improved dating con-
straints to the stratigraphy ascribing the Gråklint Beds to the Carnian. The lithostratigraphic scheme erected
by Clemmensen [1980b] is followed here. The Middle to Upper Triassic succession of east Greenland con-
sists of the coarse, predominantly alluvial, clastic deposits of the Pingo Dal Formation, which are overlain
by the lacustrine, and subordinate fluvial, mudstones and sandstones of the Gipsdalen and Fleming
Fjord Formations.

The Pingo Dal Formation with the coarse-grained alluvial fan successions of the Klitdal Member and the
Paradigma Bjerg Member was deposited along the marginal fault zones. These units pass from both sides
of the graben, into the sandy floodplain deposits (Rødstaken Member) with longitudinal drainage toward
the north [Perch-Nielsen et al., 1974; Clemmensen, 1980b; Surlyk, 1990]. The thick Middle Triassic succession
indicates high rates of accumulation compared to that of the Upper Permian, supporting the creation of
accommodation space by Early Triassic tectonic activity.

The Gipsdalen Formation is characterized by aeolian, fluvial, and lacustrine sediments and has a maximum
thickness of 350m [Clemmensen, 1980b], suggesting lower accumulation and/or accommodation rates.
The marine mudstones of the Gråklint Beds (up to 35m thick) in the east Greenland [Clemmensen, 1980b]
are now dated to the Carnian [Andrews et al., 2014]. The Kap Seaforth Member is characterized by gypsum-
bearing sandstone and mudstone deposited in continental sabkha environment with periodic aeolian influ-
ence [Clemmensen, 1978].

The Fleming Fjord Formation is represented by the lacustrine dolomitic mudstone of the Edderfugledal
Member (30 to 70m) [Clemmensen, 1980b] followed by the Malmros Klint Member, composed of cyclically
bedded, intraformational conglomerates, red siltstones and fine-grained sandstones, and disrupted dolomi-
tic sediments [Clemmensen, 1980b]. The upper part is typified by an upward increasing dominance of fluvial
sediments of the Ørsted Dal Member. The thicknesses of the Malmros Klint and the Ørsted Dal Members vary
between 50 to 150m and 125 to 200m, respectively [Clemmensen, 1980b].

The sedimentary succession continues with the Upper Triassic-Lower Jurassic Kap Stewart Group through all
the Jurassic until the Early Cretaceous [Surlyk, 1990]. Breakup-related magmatism is present all over the area
represented by sills and dykes [Hald and Tegner, 2000]. Recent uplift of the Jameson Land, documented by
apatite fission track data [Hansen et al., 2001], is related to the breakup and separation of the Jan Mayen
Microcontinent [Blischke et al., 2016].

3. Triassic Rift-Related Faults in the Klitdal Area

The eastern margin of the Jameson Land Basin is represented by the N-S elongated Liverpool Land high that
is characterized by Caledonian basement rocks and sporadic Palaeozoic sediments. The Klitdal area is located
at the boundary between the basin and the structural high (Figure 1). In this locality the pink conglomerate-
sandstone association of the Klitdal Member (Pingo Dal Formation) lies on a flat peneplain surface of
mid-Permian age [Surlyk, 1990] on top of basement rocks of the Liverpool Land (Figure 2a). In this area a
prominent NE-SW trending escarpment, more than 600m high, cuts obliquely through Liverpool Land
(Figures 2a and 3a) and corresponds to what is here named the Klitdal Fault. Due to erosion of the footwall,
the scarp is retreated with respect to the fault contact and the morphological feature represents the fault line
escarpment. Toward the tectonic contact between basement rocks and the conglomerates of the Klitdal
Member the dip of the bedding increases up to 8–10°, suggesting a gentle southeastward tilting and block
rotation (Figure 3b). Other fault escarpments were mapped to the south belonging to NNE-SSW trending
structure here named Regolitplateau Fault (Figures 2a and 3c). In the latter locality kinematic indicators as
slickensides, found along the fault planes, show dip-slip movement (Figure 3d). The paleostress analysis
was performed using a maximum misfit angle of 30° between the predicted and actual direction of move-
ment or slickenlines on the fault planes [Žalohar and Vrabec, 2007]. Only faults with angular misfit less than
this value were considered as being compatible with the calculated stress and/or strain tensors. The analyzed
fault slip data regard only Triassic faults and were measured along the fault contact between basement and
Triassic sediments as shown in Figure 3b. The inversion of fault slip data collected along major faults allowed
to calculate a reduced stress tensor [Žalohar and Vrabec, 2007] showing a NW-SE extension that is associated
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with the NE-SW trending fault system (Figure 2a). The boundary fault is segmented by orthogonal faults with
strike-slip component as it was measured along the NW-SE trending structures here named Inderfjord Faults
(Figure 2a) and similar faults to the south of the Regolitplateau Fault (Figure 2a). The NW-SE to WSW-ENE
trending fault sets are interpreted as transfer faults accommodating the differential movement associated
with NW-SE extension.

Figure 3. (a) Panoramic view toward SE of the Klitdal Fault escarpment separating the Klitdal area (foreground) from the
Liverpool Land (background). The gently southwestward dipping flat top of Liverpool Land corresponds to the Permian
peneplain. The estimated vertical offset across the fault is more than 800m. (b) Pink colored coarse-grained conglomerate
and sandstones of the Klitdal Member. The dip of bedding increases toward the tectonic contact with the Klitdal Fault
indicating a slightly block tilting due to the fault activity. (c) Fault contact between basement rocks and Triassic sediments
along the NNE-SSW trending Regolitplateau Fault. (d) Slickensides along a fault plane of the Regolitplateau Fault showing
dip-slip movement.
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Figure 4. Shaded relief of the residual magnetic field intensity and the interpreted faults in the Klitdal area. Yellow circle:
drill hole collar; white dashed line: conductivity section of Figure 5.
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The partially preserved and mappedmid-Permian peneplain in Liverpool Land (Figures 2a and 3a) represents
a marker horizon that is used to roughly estimate the vertical offset of the faults that along the Klitdal Fault
results in more than 800m (Figure 2b). The NW-SE oriented geologic cross section represented in Figure 2c
shows the geometry of the southeastward tilted Klitdal block and the thick succession of the Pingo Dal
Formation filling in the basin structure that is here named the Carlsberg Fjord Basin. The Upper Triassic
succession of the Gipsdalen and Fleming Fjord Formations seems not to be affected by faulting.

4. Airborne Magnetic, Electromagnetic Data, and Core Drilling

During 2013 a combined airborne magnetic and time domain electromagnetic survey was performed by
SkyTEM Aps along the eastern margin of the Jameson Land Basin in the Klitdal area [Skytem Surveys ApS,
2013]. A total of 2325 line kilometers were flown at a nominal terrain clearance of ~30m with 300m spaced
and E-W oriented traverse lines. The magnetic data were reprocessed, and the residual magnetic intensity is
shown in Figure 4 together with mapped and interpreted geological structures. A clear NE-SW trend sepa-
rates two main magnetic domains with negative anomalies and low magnetic relief to the north, while to
the south it shows positive anomalies and important magnetic texture [Brethes et al., 2015]. This positive
and textured signal is also visible along the footwall block of the Klitdal Fault where the crystalline
basement outcrops.

The electromagnetic data processed and inverted by Skytem Surveys ApS [2013] offer a large depth of inves-
tigation down to 500m. Figure 5 presents a geological interpretation of three selected model sections
(located in Figure 4) resulting from the inversion and showing the mean conductivity in depth intervals.
These N-S and W-E oriented conductivity sections cross the trends separating the distinct magnetic signals.
The outcropping crystalline basement of Liverpool Land is clearly associated with the resistive parts to the
east and south of these cross sections. The transition to more conductive material to the west and north is

Figure 5. Interpretedmodel sections from the SkyTEM survey showing the conductivity in logarithmic scale (see location in Figure 4). The white shadingmarks areas
where the conductivity is undetermined due to a limited depth of investigation at the soundings location [Skytem Surveys ApS, 2013]. Drill holes and projected
drill holes are shown in the sections. Note the faults in the eastern part between the basement and the sediments that well correlate with themagnetic interpretation
as well as the 512m deep drill hole IC-01 confirming the presence of thick sedimentary succession belonging to the Carlsberg Fjord Basin.
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relatively sharp and coincides with the boundary between positive and negative anomalies in the magnetic
data. The western part of the section 106701 (Figure 5) appearing to be resistive should not be considered as
it is biased by the presence of induced polarization effects in the data [Brethes et al., 2016].

During the summer 2014, eight holes were drilled in the area in order to investigate for basemetals (Figure 4).
The drill holes CC-1, CC-2, and CC-3, located south of the NE-SW fault trend (Figure 5) went through mud-
stones and arkoses respectively belonging to the Gipsdalen Formation and Klitdal Member (Figure 2), before
reaching a relatively shallow crystalline basement at depths between 54 and 158m. Contrastingly, all the
drill holes located north of this trend revealed the presence of a thick succession of conglomerates.
Indeed, the drill hole IF-2 reached the basement at a depth of 370m and the drill hole IC-1 went through
500m of conglomerates without reaching the basement (Figure 5, Line 106701).

Likewise, the magnetic and electromagnetic data, the occurrence of a thick conglomeratic unit on top of a
relatively deep crystalline basement in the northern part of the area, suggest the presence of NE-SW and
NNE-SSW oriented deep-seated normal faults downfaulting the northwestern part of the area. The conglom-
erates found north and west of this faults system represent the syntectonic deposits that were sealed by
younger sedimentary formations in the central part of the Klitdal area as no evidence of faulting across the
Gipsdalen and the Fleming Fjord Formations is visible at the surface.

5. Two-Dimensional Seismic Data

A seismic data grid was collected during 1986 and 1989 on Jameson Land by Atlantic Richfield Company
(ARCO) resulting in approximately 1800 line kilometers crossing the basin in central east Greenland. Some
transects were collected using dynamite as a source, while others were gathered based on a vibrosource.
The data were analyzed in the early 1990 in the context of understanding the basin development [Larsen
and Marcussen, 1992] within the license area. Although the seismic data were generally of good quality,
the presence of sill intrusions presented a problem in maintaining a good signal response at depths greater
than 1–2 s TWT (two way time) and consequently weakening the recognition of basin boundary faults, strata
configurations, and unconformities.

Figure 6 shows two unmigrated seismic lines from the ARCO data set located in Figure 1. Some of the west-
ward dipping discordant/concordant reflectors correspond to Cenozoic magmatic sills that are also present
in the outcrop along the eastern side of the basin. The two seismic lines intersect each other allowing to
define the NE-SW orientation of the border fault. The interpreted faults correspond to the southwestward
continuation of the Klitdal Fault System described previously (Figures 2, 4, and 5) and exhibit a rotated fault-
block geometry typical of half-graben structures. A slight inversion of the border fault seems to be responsi-
ble for the gentle fold visible at the tip of the fault. The synsedimentary wedge filling the tilted block
well visible on both seismic lines corresponds to the Lower-Middle Triassic Klitdal Member of which con-
glomerates were drilled during the field campaign in 2014 (Figures 4 and 5). The same structures were
previously interpreted as N-S trending normal faults related to Devonian-Carboniferous rifting by Larsen
and Marcussen [1992].

Using the available geological data along the eastern margin of the basin and the approximate depth-
converted line drawing of the previous seismic lines, two geologic cross sections are presented in Figure 6
to show the geometry of the NE-SW trending Triassic Rift separating the Hurry Inlet Block from the
Carlsberg Fjord Basin. The outcrop geology and the drill core data suggest that the Gipsdalen Formation
postdates the rift activity since it is not involved in the faulting.

6. The Triassic Rift Along the East Greenland, Norwegian, and West of
Shetlands Margins

Marine rifting during the Early Triassic was described by Seidler et al. [2004] who distinguished two Early
Triassic rift events in east Greenland in the Early and the Late Griesbachian, respectively, based on ammonoid
data and radiometric dating. The first Early Griesbachian rift event in east Greenland was confined mainly to
reactivation of major Late Carboniferous basin margin faults and resulted in deepening of the basins and
influx of coarse-grained turbidites. The subsequent Late Griesbachian rift event involved faulting along splays
of the basin margin faults, causing fragmentation of the original wide blocks and intrabasinal fault block
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rotation. Marine deposition was followed by alluvial progradation marking the onset of continental
deposition, which dominated the rest of the Triassic in the region. The study area corresponds to the
eastern margin of the basin where the fluvial conglomerate of the Klitdal Member of the Pingodal
Formation lies directly on a peneplained surface on the Caledonian basement rocks. To the north, in
Wegener Halvø, the Pingodal Formation unconformably lies on the Wordie Creek Formation [Seidler et al.,
2004]. Considering the geometry of the fault plane and the tilting of the sediments in the Klitdal block
(Figures 2 and 6), the estimated thickness of the synrift sediments is more than 800m. In the seismic lines
(Figure 6) that extend toward the basin area, the amount of Lower Triassic sediments accumulated in the
wedge-shaped basin seems to be more than 2000m. To the north the Triassic basin in Traill Ø (Figure 1) is
bounded by the NE-SW trending Rodbjerg Fault [Seidler et al., 2004], and in the Hold With Hope area
similar trends are described with the Kap Stosch (Figure 1) and Immakradal Faults [Oftedal et al., 2005].
Moreover, the Kong Oscar Fjord and the Godthåb Golf to the north were probably started to be active
during the Triassic rifting phase [Surlyk, 1990] as transfer faults, similarly to the strike-slip Inderfjord Faults
locally described in the Klitdal area (Figure 2a).

Figure 6. Unmigrated seismic lines 1988-04D and 1988-19D of the ARCO data set together with the geologic cross sections of the Carlsberg Fjord Basin compiled
from geologic data along the eastern border and the approximate depth migration of the line drawing of the two seismic lines. The intersection of the two seismic
lines allowed to define the strike of the main fault and to correlate it with the border fault investigated along the Klitdal outcrops indicated also by magnetic
data (Figure 5). The synrift package corresponds to conglomerates and sandstones of the Klitdal Member. The base of the Fleming Fjord Formation is tied up with
outcrop data, and the compression at the tip of the boundary fault suggests a slight inversion. Ha = Hareelv Formation, Fo = Fossilbjerget Formation, Pe = Pelion
Formation, Sh = Sortehat Formation, Nk = Neill Klinter Group, Ks = Kap Stewart Group, FF = Fleming Fjord Formation, Gi = Gipsdalen Formation, and Pi = Pingodal
Formation (Klitdal Member). The basement in Liverpool Land is composed by Caledonian metamorphic rocks and sporadic Devonian sediments. In yellow color are
indicated possible magmatic sills.
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Figure 7 represents a NW-SE oriented geologic cross section of central east Greenland from Stauning Alper to
Liverpool Land. The geology along the borders of the basin is constrained by field data, while the central part
is more hypothetical, based on interpretation of the few seismic lines available. The thick amount of Devonian
sediments present in the deeper part of the basin is related to Caledonian extensional tectonics. The Late
Carboniferous rift faults (Figure 7, red faults) and relative westward tilted half-graben structures are N-S
oriented. Liverpool Land represents one of the crests eroded by the mid-Permian peneplain that is still

preserved (Figures 3 and 7). The
Carlsberg Fjord Basin is a NE-SW
trending graben structure with a
structural high in the central part
(Figure 7). An estimation of stretching
factor (β-factor) is difficult to obtain
due to lack of data about crustal
thickness. Considering that the struc-
tures associated to the rifting are
moderate- to high-angle normal
faults and the presence of tilted fault
blocks with an estimated vertical
offset of ~2000m, the β-factor should
be considered low.

Along the Norwegian margin, in
the internal part of the Trøndelag
Platform, after the main tectonic epi-
sode took place in the Carboniferous
to Late Permian time, major faults
were active through much of Triassic
time, giving rise to several NE-SW
trending basins filled with Upper
Palaeozoic and Triassic sediments as
the Froan and the Helgeland Basins
(Figure 8) [Brekke, 2000]. A 750m
thick, fully marine succession of sand-
stones, coarse-grained turbidites,
shales, and reworked sabkha sedi-
ments has been cored on the eastern
margin of the mid-Norwegian shelf in
the Trøndelag Platform (Figure 8).
The succession was dated as Upper
Permian-Lower Triassic and is
preserved in the NE-SW trending
southeastward tilted wedge-shaped

Figure 7. NW-SE oriented geologic cross section from Stauning Alper to Liverpool Land in central east Greenland showing the Triassic rift basin architecture (see
location in Figure 1). The N-S trending structures belonging to the Late Carboniferous rifting event are associated with westward tilted half-grabens as in
Schuchert Dal and Wegener Halvø. The crest of the tilted blocks is eroded by the mid-Permian peneplain and unconformably covered by Upper Permian sediments
postdating fault activity. The Carlsberg Fjord Basin is separated into two subbasins by the Wegner Halvø high. To the SE the Klidtal Fault System represents the
boundary fault toward the Hurry Inlet block of Liverpool Land.

Figure 8. Plate reconstruction of the northeast Atlantic rift at the breakup
time showing major features related to the Palaeogene development of
the area together with a simplified distribution and trends of the main
Triassic rift zone in east Greenland, Norwegian offshore, and the West of
Shetlands (modified after Mosar et al. [2002]). CFB = Carlsberg Fjord Basin,
FB = Froan Basin, FI = Faroe Islands, GG = Godthåb Golf, HB = Helgeland
Basin, HI = Hurry Inlet, JMFZ = Jan Mayen Fracture Zone, JMMC= Jan Mayen
Microcontinent, KL = Klitdal, KOF = Kong Oscar Fjord, KS = Kap Stosch,
LO = Lofoten, ML =Milne Land, MMH=Møre Marginal High, MTF =Møre-
Trøndelag Fault Zone, PB = Papa Basin, SA = Stauning Alper, SH = Shannon,
SI = Shetland Islands, SS = Scoresby Sund, TP = Trøndelag Platform,
TØ = Traill Ø, VK = Viking Graben, VMH= Vøring Marginal High, WSB =West
Shetlands Basin, and YØ= Ymer Ø.

Tectonics 10.1002/2016TC004419

GUARNIERI ET AL. TRIASSIC RIFT BASIN EAST GREENLAND 611



Helgeland Basin [Bugge et al., 2002] showing that in the Norwegian offshore the Triassic rift zone is bounded
by NE-SW oriented major faults as the Ylvingen Fault Zone [Brekke, 2000].

In the west of Shetlands area very thick succession, up to 7500m, of Permian-Triassic sediments is preserved
within the Papa and West of Shetland Basins (Figure 8). The Triassic basin fill, referred to the Papa Group, has
been proven by drilling to be at least 2400m thick [Swiecicki et al., 1995]. The oldest part is represented by the
Otter Bank Shale Formation (lowermost Triassic) deposited in a coastal/alluvial plain setting. This is gradation-
ally overlying by the coarse-grained Otter Bank Sandstone Formation comprising sediments derived from the
interdigitation of sheetflood, braidplain, and aeolian environments of deposition. These are interpreted as
the initial erosional products derived from the uplifted, rifted basin margin [Swiecicki et al., 1995]. This major
phase of Early Triassic rifting is believed to have taken place during the Scythian. The succeeding Foula
Sandstone Formation marks the establishment of predominantly axial braidplain systems, deposited during
a period of intermittent but waning tectonic influence during Middle to Late Triassic times. The active margin
of this Triassic basin lies along the NE-SW trending West Shetland Spine Fault that is a major fault probably
linked with the Møre-Trøndelag Fault System to the north (Figure 8).

The complexity of the Permian-Triassic rift basins along the North Atlantic passive continental margin is influ-
enced by the inherited basement framework [Redfern et al., 2010]. The inheritance of basement structural
grain is widely considered to be an important factor in the structural development of the northwest
European Atlantic margin that is somehow considered to follow the old Caledonian suture line [Surlyk,
1978; Coward, 1990; Doré et al., 1999]. The lineament analysis of the Atlantic margin shows a predominance
of NE-SW, N-S, and NW-SE trends reflecting Mesozoic-Cenozoic extensional faulting [Doré et al., 1999; Blischke
et al., 2016]. The new data from east Greenland together with published data from the mid-Norwegian shelf
[Bugge et al., 2002; Redfern et al., 2010] allow the construction of a simplify map showing the structural setting
and major trends of the Early Triassic rift basins in the northernmost part of the North Atlantic region on both
Greenland and Europeanmargins (Figure 8). In the plate tectonic reconstruction at the time of breakup of the
northeast Atlantic Ocean the initial line of spreading and the early Eocene rift zone together with the orienta-
tion of major fault trends and fracture zones show a correlation with major Triassic faults, suggesting a pos-
sible inheritance from the Triassic rifting (Figure 8). The Jameson Land Basin developed in the proximal
domain of the mid-Norwegian-east Greenland rift system as defined by Peron-Pinvidic et al. [2013], and the
crustal thinning indicated by Weigel et al. [1995] should be regarded as Palaeozoic and Triassic. Since then,
the Jameson Land Basin developed as sag basin with no evidence of major rifting until the Cenozoic uplift
[Hamann et al., 2005]. North of Kong Oscar Fjord (Figure 1) a Late Jurassic-Early Cretaceous [Surlyk, 1978] is
responsible for block tilting and larger amount of extension.

7. Conclusion

The present paper describes the geometry and the kinematics of the Triassic rifting and the development of
the Carlsberg Fjord Basin representing the main tectonic event during the Mesozoic in Jameson Land, fol-
lowed by Late Triassic postrift successions and the Jurassic-Cretaceous Jameson Land Basin succession
(Figure 7). The Triassic extensional event is responsible for the structuring of the Carlsberg Fjord Basin with
half-graben structures bounded toward the SE by the NE-SW trending Klitdal Fault System and by similar
structures toward the north in Mesters Vig, Traill Ø [Seidler et al., 2004], and at Hold With Hope [Müller
et al., 2005]. NW-SE trending structures, oblique to the boundary faults and associated strike-slip component,
are interpreted as transfer faults within the rift zone. Moreover, as pointed out by Surlyk [1978], some of
the major fjords with NW-SE orientation as the Kong Oscar Fjord, Scoresby Sund, and to the north in
Godthåb Golf (Figure 8) could represent fault trends activated as transfer faults that could have been active
during the Triassic rifting and reactivated as fracture zones during the Cenozoic opening of the northeast
Atlantic (Figure 8). Finally, the N-S trending Liverpool Land is a basement high inherited from the Late
Carboniferous tectonics segmented during the Triassic rifting by the NE-SW trending normal faults separat-
ing the Hurry Inlet block from the Carlsberg Fjord Basin (Figure 7).
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ABSTRACT  

This study aimed at constraining the architecture of the eastern margin of the Jameson Land 
Basin, central East Greenland, and estimating the thickness of its sedimentary sequence in order to 
place the stratiform and stratabound base metal mineralizations that occur within the Permo-Triassic 
sequence into a structural framework. 3D photomapping, geological field data and drilling results, 
along with the interpretation of magnetic and electromagnetic data were integrated to build a 
comprehensive 3D-geological and petrophysical model of the area, which was then assessed by means 
of 3D modelling of magnetic data. In the model, the eastern margin of the basin is segmented into 
faulted blocks by Carboniferous and Triassic faults. The southern and eastern parts of the area are 
characterized by a shallow crystalline basement, peneplained and tilted few degrees to the west, while 
a deeper crystalline basement overlain by a thick sedimentary package dominates the northern part of 
the area. The modelling of magnetic data identified the possible presence of a sealed NNW to NW-
trending normal fault that divides the Carlsberg Fjord block into a hanging wall block to the west and 
a deep footwall block to the east. Although the presence of rocks bearing remanent magnetization 
made the depth-to-basement estimation impossible in the Klitdal area, a sedimentary thickness of about 
10 km was estimated in the northwestern part of the Carlsberg Fjord block. In addition to the Wegener 
Halvø area, where mineralization is widespread, the Carlsberg Fjord block seems to present the most 
favorable settings for stratiform and stratabound mineralization, with the presence of a thick red bed 
sedimentary sequence representing a good source for metals and brines, and the presence of numerous 
faults to drive the fluids to their site of deposition. 

Keywords: East Greenland, Jameson Land Basin, magnetic data, modelling, mineralization 

1 INTRODUCTION 

Along the eastern margin of the Jameson Land Basin (Figure 1a), base metal mineralizations 
occur within almost all sedimentary formations of the Upper Permian and Triassic sequence (Table 1; 
Harpøth et al., 1986). Stratabound and stratiform Cu, Pb and Zn (±Ag) occurrences within Upper 
Permian carbonates and shales; and within Triassic red beds and marine deposits (Harpøth et al., 1986). 
While in the eastern margin of the basin, Upper Permian outcrops are confined to the Wegener Halvø 
and Canning Land areas, the Triassic sequence is exposed all along the eastern margin of the basin 
(Figure 1a). In the recent years, exploration companies such as China-Nordic Mining and Avannaa 
Resources showed interest in the Wegener Halvø, Canning Land and Klitdal area. This was 
accompanied by the acquisition of new data including aeromagnetic and electromagnetic data (Fugro 
Airborne Surveys, 2013; SkyTEM Surveys ApS, 2013), followed by a drilling campaign targeting Cu 
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mineralization within Triassic formations in the Klitdal area (Stelter, 2014). No mineralization was 
intercepted in the drillcores (Stelter, 2014) but they brought evidences to the new interpretation of 
the geometry of the Triassic rift that affected East Greenland (Guarnieri et al., 2017).  

It is well acknowledged that the thickness of red bed sequences is a critical parameter for the 
formation of sediment-hosted Cu deposits as they are an important source for metals and fluids as well 
as the presence of faults to drive the fluids across the stratigraphic layers (Hitzman et al., 2005). This 
was also shown by Pedersen (1997), Pedersen et al. (2002) and Pedersen and Stendal (2000) for the 
East Greenland mineral systems and in particular for the base metal mineralization in the Upper 
Permian rocks of Wegener Halvø. It is therefore essential to have a good understanding of the 
architecture of the area for targeting the most favorable environments for mineralization. Besides field 
mapping, which provides constraints at the surface, the interpretation of the subsurface architecture 
remains subject to uncertainty (Frodeman, 1995) to which modelling of geophysical data in 
conjunction with geological constraints can bring additional information in order to assess the 
subsurface geological models (Armit et al., 2014; Baines et al., 2011; Crawford et al., 2010). Nowadays, 
the high resolution of the magnetic data allows studying the architecture of sedimentary basins (Grauch 
et al., 2013; Gunn, 1997a; Nabighian et al., 2005) and the results from the modelling of potential field 
data can be used for mineral exploration in sedimentary environments (Betts et al., 2004; Fullagar et 
al., 2004).  

For this purpose, we aim to integrate and interpret a multi-disciplinary dataset in order to 
constrain the architecture and estimate the thickness of the sedimentary pile along the eastern margin 
of the basin. In this paper, the joint interpretation of 3D photomapping, magnetic and electromagnetic 
data, geological field data and core-drilling results are used to build a 3D-geological model of the area. 
This geological model is then assessed against magnetic data and modelling of magnetic data allows to 
further constrain the architecture of the area.  

2 GEOLOGY AND MINERALIZATION 

In central East Greenland, the Jameson Land Basin represents one of the Paleozoic-Mesozoic 
basins resulting from the post-Caledonian extensional events eventually leading to a continental break-
up and opening of the North-East Atlantic Ocean in Early Eocene time. Along the eastern margin of 
the basin, rocks belonging to the Caledonian Orogen crop-out along the Liverpool Land structural 
high and in the easternmost part of Wegener Halvø and Canning Land (Figure 1a). In Liverpool Land, 
Caledonian basement rocks are represented by the Hagar Bjerg thrust sheet (HBTS) composed of 
Palaeoproterozoic orthogneiss units, high-grade metasedimentary rocks, and abundant granitic sheets 
and plutons of Neoproterozoic and Caledonian age (Higgins and Leslie, 2008). In East Greenland the 
HBTS is separated from the overlying Franz Joseph Allochthon (FJA) by the Franz Joseph Detachment 
(Higgins et al., 2004). The FJA is characterized by a very thick succession of Neoproterozoic 
metasedimentary and sedimentary rocks and of Cambrian-Ordovician sedimentary rocks (Sønderholm 
et al., 2008) and is partly exposed in Canning Land and in small outcrops in Wegener Halvø (Figure 
1a). Associated with the Caledonian crustal thickening, Caledonian S-type granites formed by the 
melting of metasedimentary rocks of the HBTS (Higgins and Leslie, 2008), and some of the melts 
migrated upwards into the lowest part of the FJA (Higgins et al., 2004). 

A Devonian basin initiated from the extensional collapse of the overthickened Caledonian crust, 
accommodated by SE-NW-oriented dip-slip faults and N-S-oriented sinistral wrench faults (Larsen 
and Bengaard, 1991). More than 8 km of Old Red Sandstones accumulated in the central part of the 
Jameson Land Basin (Larsen et al., 2008). In Canning Land and Wegener Halvø, 3 km of Middle to 
Upper Devonian conglomerates, sandstones and siltstones overlay the 1 km thick Lower-Middle 
Devonian Kap Fletcher volcanic series (Surlyk, 1990). 
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Continental sedimentation continued into the Carboniferous, while the basin took a westward-
tilted half-graben configuration in the Late Carboniferous with the first episodes of block tilting along 
N-S-oriented faults (Surlyk, 1990; Surlyk et al., 1986). The footwall crests of the tilted blocks were 
eroded forming a well-recognized mid-Permian peneplain (Surlyk et al. 1986). Along the eastern 
margin, the peneplain manifests as a flat surface carved in the Liverpool Land crystalline rocks and by 
an angular unconformity between Devonian to Carboniferous sedimentary rocks and the overlying 
Upper Permian succession in Canning Land and Wegener Halvø. 

 

Figure 1. Eastern margin of the Jameson Land Basin. (a) Model of fault network segmenting the area in 11 
blocks (see section 5) on the terrain model and simplified geology at 1: 100 000 scale (Birkelund and Higgins, 
1980; Friderichsen and Surlyk, 1981; Perch-Nielsen et al., 1983). (b) Magnetic anomaly map with: the high-
resolution anomaly data within the area covered by the detailed surveys (see section 3.3) delimited by the dotted 
polygons; and the regional anomaly data from the CAMP-GM compilation of Gaina et al. (2011) outside these. 
Colors are displayed using a histogram-equalized data representation.   
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During the Late Permian a marine transgression led to the connection between the northern 
Boreal Sea and the Zechstein Basin of north-west Europe (Maync, 1961; Seidler et al., 2004). A thick 
sequence of Upper Permian conglomerates, carbonates and shales successively deposited above the 
basal peneplain. Widespread stratabound Cu (±Pb, Zn, Ag and fluorite) and stratiform Pb-Zn (±Cu) 
sulfide mineralization occurs in the carbonate buildups of the Wegener Halvø Formation and in the 
shales of the overlying Ravnefjeld Formation, respectively (Harpøth et al. 1986). This reduced-type 
mineralization has been compared with the Kupferschiefer type system (Pedersen et al., 2002). In both 
formations, the richest zones of mineralization are concentrated at the vicinity of a N-S-oriented 
lineament (Pedersen, 1997).  

Additional rifting phases took place in Triassic time where the basin developed a typical horst 
and graben configuration (Gibbs, 1990, 1984) with NE-SW-oriented normal faults and NW-SE-
trending transfer zones (Guarnieri et al., 2017). The earliest Triassic marine sediments of the Wordie 
Creek Formation pass upwards to sandstones, arkoses and conglomerates of the syn-rift sequence of 
the Pingo Dal Formation which shows great lateral thickness variation (Seidler et al., 2004; Surlyk, 
1990). Black, organic-rich mudstones and evaporite-bearing sandstones and mudstones deposited in 
Upper Triassic, followed by dolomitic mudstones, conglomerates and sandstones (Clemmensen, 1980). 
Base metal mineralization occurs stratiform or stratabound almost throughout the entire Triassic 
sequence (Table 1) and is particularly widespread in Wegener Halvø (Harpøth et al., 1986). Cu-Pb 
mineralization controlled by redox boundaries occur as cement in arkosic beds of the Pingo Dal 
Formation in Wegener Halvø (Harpøth, 1980; Thomassen et al., 1975; Thomassen and Svensson, 
1976), in Tait Bjerg and in northern Klitdal (Figure 1a; Thomassen et al., 2014; Thomassen and Rink, 
2013). In the Klitdal area, mineralization occurrences include native Cu and Ag in granitic pebbles in 
the conglomerates of the Klitdal Member of the Pingo Dal Formation (Thomassen et al., 2014); fine-
grained disseminated Pb-Zn-Cu sulfides in black shale beds of the Gipsdalen Formation (Harpøth et 
al., 1986; Thomassen, 2012; Thomassen et al., 2014; Thomassen and Rink, 2013); stratabound Cu 
sulfides at redox boundaries between organic-rich black shales and red beds at the base of the upper 
member of the Gipsdalen Formation (Harpøth et al., 1986; Thomassen et al., 2014). Disseminated 
sulfides also occur in the overlying Upper Triassic formation where they display a lateral persistency 
over c. 1000 km2 from an area to the northwest of the Fleming Fjord to head of the Carlsberg Fjord 
(Harpøth et al., 1986; Thomassen et al., 1982).  

Sedimentation continued until the Early Cretaceous (Surlyk, 1990) and in Eocene time, the 
break-up magmatism associated with the opening of the North Atlantic Ocean caused the intrusion of 
sills and dykes swarms over the basin (Hald and Tegner, 2000). The area was uplifted in Miocene time 
leading to the erosion of 2-3 km of rocks (Mathiesen et al., 2000) and the consequent westward tilting 
of the mid- Permian peneplain. 

 

 

 

Table 1. Lithostratigraphy, mineralization and associated magnetic susceptibilities in the sedimentary sequence 
and Caledonian basement along the eastern margin of the Jameson Land Basin. PP: Paleoproterozoic; MP: 
Mesoproterozoic; NP: Neoproterozoic; C: Cambrian; L.; Lower; M.: Middle; U.: Upper; Carb.: 
Carboniferous; T.: Triassic; J.-L.P.: Jurassic – Lower Paleocene; EBS: Eleonore Bay Supergroup; TG: Tillite 
Group; KOFG: Kong Oscar Fjord Group. WH: Wegener Halvø; CL: Canning Land. Box plots of magnetic 
susceptibility display minimum, second quartile, median, third quartile and maximum values while the red dot 
shows the mean. Cu = major mineralization; Cu = minor mineralization; (Cu) traces of sulfides. [1] Harpøth 
et al., 1986; [2] Surlyk et al., 1986; [3] Pedersen et al., 2002; [4] Surlyk, 1990; [5] Thomassen et al., 2014; 
[6] measurements from drillcores; [7] Clark, 1997; [8] Sønderholm et al., 2008; [A] apparent magnetic 
susceptibility inversion results (see section 5.4). 
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3 DATA 

3.1 Photogrammetry 
Using a computer-based photogrammetric workstation for 3D-photogeology (Sørensen and 

Dueholm, 2018) and aerial photos with a pixel size of c. 27 cm in the centre of each image (Thorning 
et al., 2014), faults, dikes, sills, beddings and stratigraphic boundaries were mapped in three dimensions 
in the southern part of Wegener Halvø, in Canning Land and in the Klitdal area. 

3.2 Topography 
The onshore part of the Jameson Land area is covered by a digital elevation model with 30 m 

resolution produced by GEUS from Aster satellite data and the entire region is covered on land and 
offshore by the SRTM30 Plus v7 data (Becker et al., 2009). The SRTM30 Plus v7 data have 30-arc 
second resolution; i.e. around 1170 m. Once projected to UTM, the SRTM30 Plus v7 data present 
some N-S-oriented artefacts in the study area, which are removed locally using a butterworth low pass 
filter of 5 km cut-off wavelength. An elevation grid along the eastern margin of the basin is created by 
merging the onshore ASTER data to the filtered offshore SRTM data. Topography in the eastern 
margin of the Jameson Land Basin ranges from 0 to 1300 m.  

3.3 Magnetic and electromagnetic data 
Magnetic and electromagnetic data originating from different surveys were used for 

interpretation and modelling in the study area. A subset of the magnetic grid from the Camp-GM data 
compilation covering the entire Arctic area (Gaina et al., 2011) was selected over the Jameson Land 
Basin. The data were compiled from an onshore survey flown at a constant elevation of 1820 m with 
E-W-oriented lines with a spacing between 5 and 7.5 km (Nielsen and Larsen, 1974) and an offshore 
survey (Thorning et al., 1982). Three local airborne surveys cover the eastern margin of the basin: the 
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AEM97 survey (Geoterrex-Dighem, 1997), the Fugro survey (Fugro Airborne Surveys, 2013); and the 
SkyTEM survey (SkyTEM Surveys ApS, 2013). These surveys have overlapping but different coverage 
(Figure 1b) and were flown with different systems and specifications (see Table 2). The magnetic grids 
from the four surveys are merged into a grid of 150 m cell size that covers the entire eastern margin of 
the basin (37 x 114 km; Figure 1b). Prior to this, all the datasets are reduced to the pole using a 
differential method (dRTP) (Arkani-Hamed, 1988). The detailed dRTPed-datasets were merged two 
by two, keeping the highest resolution data intact and adjusting the coarser data to the latter by adding 
a first order polynomial trend (Figure 1b). Since all the data are adjusted to the highest resolution data 
(SkyTEM survey) measurement elevations corresponding to the latter are used; i.e. 40 m above the 
ground or sea level. The magnetic anomalies in the modelled area range between -330 and 280 nT. 

A structural interpretation of the magnetic data from these datasets was proposed by Brethes et 
al. (2018) by mapping faults, dikes and sills in this area. Electrical conductivity sections produced by 
SkyTEM ApS from the SkyTEM survey are used for interpretation (Skytem Surveys ApS, 2013).  

Table 2. Parameters of the magnetic and electromagnetic surveys used for interpretation and modelling (Table 
reproduced from Brethes et al. 2018). [1] SkyTEM Surveys Aps, 2013; [2] Fugro Airborne Surveys, 2013; [3] 
Geoterrex-Dighem, 1997; [4] Gaina et al., 2011 

 SkyTEM Fugro (1) Fugro (2) AEM97 CAMP-GM 

Survey area 
Klitdal 

(~ 568 km2) 

Wegener Halvø & 
Canning Land 
(~ 423 km2) 

Klitdal 
(~ 1,235 km2) 

Northern 
Jameson Land 
(~ 5,400 km2) 

Arctic region 

Survey period Sept-Oct 2013 May-June 2013 May-June 2013 July-Aug 1997  
Acquisition 
company 

SkyTEM Surveys 
Aps 

Fugro Airborne 
Surveys 

Fugro Airborne 
Surveys 

Geoterrex-
Dighem 

 

Survey type 
Combined 

airborne magnetic 
and SkyTEM 

High-resolution 
gradient magnetic 

survey 

High-resolution 
gradient 

magnetic survey 

Combined 
airborne 

magnetic and 
GEOTEM III 

Magnetic and 
gravity data 
compilation 

Terrain 
clearance 

30-40 m 120 m 120 m 120 m  

Flight 
orientation 

E-W NE-SW N-S E-W  

Line spacing 300 m 200 m 200 m 400 m  
Tie line 

orientation 
N-S NW-SE E-W N-S  

Tie line 
spacing 

3000 m 2000 m 2000 m 4000 m  

Reference [1] [2] [2] [3] [4] 

3.4 Field data  
During summer 2014 the Klitdal area was visited for structural mapping and ground control of 

the 3D-photogeology (Guarnieri et al., 2017). At the same time, the exploration company Avannaa 
Resources carried out a drilling campaign resulting in eight drillholes representing a total length of 
1 262 m (Stelter, 2014; see drillholes locations in Figure 1a). The magnetic susceptibility was measured 
every meter along the drillcores with a hand-held magnetic susceptibility meter (Table 1; Stelter, 
2014).  

4 MODELLING APPROACH AND WORKFLOW 

The main purpose of modelling magnetic data in this paper is to estimate the depth to the 
Caledonian basement in order to know the thickness of the Paleozoic-Mesozoic sedimentary sequence 
in the different blocks of the basin margin. Modelling of geophysical data in general can be performed 
in two ways: forward and inverse modelling. Forward modelling is the process of computing data that 
would be measured at an observation point given a petrophysical model of the subsurface. Data 
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inversion or inverse modelling as performed in this paper is an iterative process that consists in 
retrieving a petrophysical model of the crust that would fit the observed data and prior constraints 
(Aster et al., 2003). The choice of a conceptual model for the data inversion together with the applied 
constraints has significant impact on the solution and the approach followed in this paper is specifically 
directed towards inclusion of all available constraints.  

4.1 Modelling magnetic data with VPmg 
In this study we use the VPmg software, a 3D potential field forward modelling and inversion 

algorithm developed by Fullagar Geophysics Pty. Ltd (Fullagar and Pears, 2007). Implemented into 
the 3D modelling software Gocad (Paradigm), VPmg allows to model magnetic data into a geological 
framework. The earth model is discretized into vertical prisms embedded into a uniform halfspace. 
The tops of the uppermost prisms are coincident with the topography and the bottoms of the lower 
prisms extend into the half-space. The vertical prisms are divided horizontally into cells when they are 
intersected by geological surfaces that separate geological units of a given magnetic susceptibility. A 
3D model of vertical prisms characterized by petrophysical properties and geological attributes is used 
as input initial model to the inversion of magnetic data and is modified iteratively until the updated 
model fits the observed data, or until the data fit can no longer be improved. VPmg can perform both 
property and geometry inversions; i.e. update the initial model in terms of magnetic susceptibility but 
also modify the boundaries of the cells that represent geological surfaces. For this study, the magnetic 
susceptibility within the model is allowed to vary by maximum 10-2 SI per iteration and is restrained 
between 0 and 1 SI. During geometry inversion, the elevation of the inverted interface is allowed to 
vary by maximum 5 % per iteration and as it is essential to use a priori information to constrain the 
model solutions (Gunn, 1997b; Saltus and Blakely, 2011), geological constraints were applied to the 
model by fixing geological interfaces at their intersections with drillholes or where they are exposed at 
the surface. In section 6, combined property and geometry inversions are performed, successively 
alternating property and geometry iterations.  

Inversions are performed using the Method of Steepest Descent (Aster et al., 2003) and the 
model is evaluated using the chi-squared data residual norm L2 normalized by the number of data and 
assumed data errors or the equivalent root mean square difference (RMS) (Aster et al., 2003). When 
L2  1, the model is considered acceptable and the inversion iteration stops. In this paper, data errors 
are set to 5 nT for apparent magnetic susceptibility inversions (section 5.4.1) and to 10 nT for other 
inversions (section 6). The RMS values stated in the next sections are not normalized by data errors. 

4.2 Various magnetic sources 
Estimating the depth to the top of the basement is usually performed based on the fact that the 

sedimentary cover is assumed negligibly magnetic compared to the underlying crystalline basement 
rocks. However, as described in the section 2, the crystalline basement rocks in the study area are of a 
wide variety, implying heterogeneous magnetic properties. Metasedimentary rocks, such as found in 
the Franz Joseph Allochthon and Hagar Bjerg Thrust Sheet, can display magnetic susceptibilities of a 
wide range depending on the original rock composition (Clark, 1997). In general, sedimentary rocks 
have very low magnetic susceptibilities, but the magnetic susceptibility of clastic rocks usually reflects 
the mineral content of the source rock and the conditions where they formed. Indeed, coarse clastic 
rocks may have higher magnetic susceptibilities as the composing material had a shorter transportation 
and may therefore contain more detrital magnetite. Furthermore, magnetite or, possibly, pyrrhotite 
may occur in sediments which deposited in the presence of volcanic activity and may therefore be 
magnetic (Clark, 1997). This could be the case for the lower part of the Devonian clastic formations 
found in Wegener Halvø and Canning Land, which may contain eroded products of the underlying 
volcanic rocks. Granites however, show stronger magnetic properties in the Klitdal area with high 
magnetic susceptibilities measured in the drillcores (Table 1) and interpreted from the colocation of 
mapped granites and very high magnetic anomalies (Figure 1). Granites may also carry remanent 
magnetization with a magnetization direction significantly different from the present day direction, as 
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deduced from the low magnetic anomaly over the Kap Wardlaw granite in Canning Land (Figure 1). 
Furthermore, magnetic sources may originate from geological features located above the crystalline 
basement. Indeed, there is a clear correlation between high magnetic anomalies and the presence of 
Devonian volcanic rocks cropping-out in Canning Land and on the northern coast and eastern tip of 
Wegener Halvø (Locations 1 to 4 in Figure 2; Brethes et al., 2018). Furthermore, many sills and dikes 
occurring in the study area carry remanent magnetization and manifest by both positive and negative 
magnetic anomalies (Brethes et al., 2018). It is therefore expected that results from the inversion of 
magnetic data give depth estimations of different types of magnetic sources. 

 
Figure 2. Wegener Halvø and Canning Land. (a) geological map at the 1: 100, 000 scale (Perch-Nielsen, 
Henriksen, and Stemmerik 1983); (b) magnetic anomaly field (linear representation); (c) Tilt-derivative upward 
continued to 100 m; (d) analytic signal upward continued to 50 m. Magnetic data are reduced to the pole and 
displayed with a shading relief from the NE. (b and c) are displayed with equalized histogram representation. 
Locations 1 to 4 are discussed in the text. See Figure 1 for geology legend, faults and blocks names.  

4.3 Handling regional magnetic effects and edge effects 
Magnetic sources located outside of the modelled volume affect the local data in the form of 

long wavelength features. There exists many ways to remove these regional effects from the data 
(Keating et al., 2011; Keating and Pinet, 2011) and in this paper, the method proposed by Jacobsen 
(1987) is preferred due to its simple physical interpretation. An upward continuation of 20 km is used 
to isolate the magnetic response of the magnetic sources located below half the upward-continued 
distance under the topography; i.e. the first 10 km. The upward-continued data are subtracted from 
the original data to obtain the data used for modelling in the next sections, which should mainly be
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caused by local magnetic sources. Furthermore, in order to avoid edge effects in the inversion results, 
the susceptibility of the half-space is allowed to vary during the inversion. 

4.4 Workflow 
Inversion of magnetic data is in our case an underdetermined problem and non-unique solutions 

exist due to the inherent ambiguity in the modelling of potential field data (Blakely, 1996). Solutions 
based on enforcing maximum smoothness or minimum model norm simultaneously with requesting a 
specific RMS data fit are commonly used to handle these types of problems when using unconstrained 
grids as conceptual model (DeGroot Hedlin and Constable, 1990; Willoughby, 1979), but it may often 
be difficult to interpret the derived model in a geological context. Here, the initial model is a geological 
model based on literature review with inclusion of constraints (see section 5). Furthermore, the strategy 
adopted for the data inversion and modelling presented in this paper differs from the standard approach 
of inversions searching for one specific model. Instead, the modelling of magnetic data is performed in 
several steps (Figure 3) described in section 6, and aiming at gaining geological knowledge out of the 
modelling process or at investigating specific questions. The RMS values provide some insight with 
respect to the convergence of the iterative inversion scheme and the general fit of the entire model to 
the data. However, in this paper, we discuss specific areas in the model and a low RMS value obtained 
for the entire model does not necessarily prevent the presence of high misfit values locally. Therefore, 
a visual inspection of the difference between observed and calculated data (residual data) is performed 
in order to identify areas with high misfit that require further modelling or modification of the starting 
model parameters. Inversely, an acceptable misfit maybe achieved in the investigated area even when 
a high RMS value remains for the entire model due to a stalled inversion. More than one model may 
be acceptable in terms of data fitting by varying the initial model parameters, and the variability of the 
derived models provides hint with respect to model uncertainties and sensitivity, but the entire model 
space is not fully explored using this procedure. Therefore, the initial model and imposed constraints 
play important roles on the solutions resulting from the data inversion when using VPmg, and the first 
step in the modelling process is to build a comprehensive geological model of the area. This geological 
model is based on integration of 3D-photogeology, geological maps and published structural data of 
the Jameson Land Basin, geological field-data, drillcores, interpretation of magnetic maps and electrical 
conductivity sections. A fault network is built (see section 5.1), dividing the area into 11 blocks within 
which the stratigraphic layers are then modelled (see section 5.2). The second step is to assign magnetic 
properties to the geological units to create the initial model 1 used for the magnetic modelling (see 
section 5.4). The initial model 1 is then assessed against magnetic data (see section 6.1) by performing 
forward modelling of magnetic data and inspecting the geographical distribution of data residuals 
(difference between observed and calculated data). The contribution of the magnetic basement to the 
data is evaluated by performing combined basement heterogeneous property and geometry inversion. 
The analysis of the model parameters that change during the inversion process as well as the visual 
inspection of the residual data allows to gain knowledge about the area and highlight geological points 
which can be investigated with other models. In particular, the presence of a NNW-SSE-trending 
fault segmenting the Carlsberg Fjord block into two blocks is tested in section 6.2 and the influence 
of the short wavelength features on the depth to basement estimation is assessed.  
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Figure 3. Workflow of the modelling showing the integration of a priori information to build the initial models 
1 and 2 and the successive inversion steps allowing to gain knowledge about the subsurface. Grey text in square 
brackets refers to the section in the text, table or figure number where the modelling is described or illustrated. 
: data error specified in nT; discr: discretization; undiff.: undifferentiated; sed.: sedimentary. 

5 INITIAL GEOLOGICAL AND PETROPHYSICAL MODEL 

This section presents the understanding of the area and describes the geological features modelled 
in this paper based on the integration and interpretation of the various data detailed in the previous 
sections. The section 5.1 lists the various faults segmenting the area and the section 5.2 describes the 
geology within the faulted blocks.  

5.1 The fault network 
The faults are listed by age and occurrence from north to south (Figure 1a).   

 The Franz Joseph Detachment (Higgins et al., 2004) is a Caledonian shear zone separating the 
HBTS from the overlying FJA and is mapped in the western margin of the basin but is under 
cover in the eastern margin. Since crystalline rocks of the HBTS crop-out in Liverpool Land 
and sedimentary rocks of the FJA crop-out in Canning Land, the detachment must be located 
somewhere below sea level between the northern tip of Liverpool Land and Canning Land 
and is therefore not represented in Figure 1a.  

 The Tvekegle fault (TVF) (Bütler, 1948; Pedersen, 1997; Seidler, 2000) is N-S-oriented, 
eastward-dipping and has downthrown the eastern block of the Wegener Halvø. Its 
Carbonifreous age is assumed due to the presence of Carboniferous rocks limited to the hanging 
wall of the fault. It has been active in Upper Permian-earliest Triassic (Seidler, 2000) and its 
extent towards the south is not fully defined but several faults of the same orientation cutting 
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through the Triassic formations may be considered as the upper parts of the sealed southerly 
continuation of the Tvekegle fault.  

 The Calamitesdal fault (CF) represents a westward-dipping, pre-Permian NNW-SSE-oriented 
fault and occurs at the eastern tip of Wegener Halvø, downfaulting the post Carboniferous 
formations to the west of the Devonian series (Bütler, 1948; Seidler, 2000). 

 The Sko fault (SF) comprises assumed pre-Permian NNW-SSE-oriented normal faults, vertical 
to slightly dipping towards the west and separating the Devonian series from the Caledonian 
rocks (Bütler, 1948; Thomassen and Schønwandt, 1981). 

The faults controlling the Triassic sub-basins along the eastern margin of the Jameson Land Basin 
are described by Guarnieri et al. (2017) and are summarized below. The major normal faults have a 
NNE-SSW to NE-SW orientation and are accommodated by NW-SE-oriented faults with a strike-
slip component (Inder Fjord faults, IFF1, IFF2 and IFF3). They occur both at the outcrop at the 
border between the Triassic sedimentary sequence and the Liverpool Land Caledonian basement; and 
buried, sealed below the Upper Triassic formations.  

 The Fleming Fjord fault (FFF) and Nathorst Fjord fault (NFF) are proposed in the Triassic rift 
model of Guarnieri et al. (2017) to bound the Wegener Halvø structural high.  

 The Carlsberg Fjord fault (CFF) and the Paselv fault north (PFN), at the edge of the Liverpool 
Land structural high is assumed to downfault the area to the northwest (Guarnieri et al., 2017). 
The presence of a NNE-SSW-oriented normal fault bordering Liverpool Land Caledonian 
basement has been suggested by several authors as the initial margin of the Jameson Land Basin 
(Müller et al., 2005; Surlyk, 1990).  

 The Paselv fault north (PFN), located in the northern part of Klitdal, assumed buried below 
Middle Triassic and Quaternary formations, was delineated from electromagnetic data between 
electrical conductive rocks interpreted to be associated with sedimentary rocks; and resistive 
rocks, interpreted to be associated with Caledonian basement (Guarnieri et al., 2017). 

 The Klitdal fault system described by Guarnieri et al. (2017) is composed of a NE-SW and 
NNE-SSW-trending escarpment at the margin of the Liverpool Land (Klitdal fault, KF) that 
downfaulted the Triassic rocks found to the northwest with a vertical offset of at least 800 m. 
This escarpment is bounded to the south by a NW-SE trending strike-slip fault. The location 
of its southwestern continuation (Western Klitdal fault, WKF) was interpreted from seismic 
data (Guarnieri et al., 2017). 

 The Central Klitdal fault system introduced by Guarnieri et al. (2017) comprises a blind NE-
SW oriented fault (central Klitdal fault, CKF), well-observable on the magnetic data (Figure 
1b) and NNE-SSW-oriented normal faults mapped at the outcrop (Regolith Plateau faults, 
RPF). The Middle and Upper Triassic sedimentary successions, not affected by faulting at the 
outcrop are interpreted to seal the buried Triassic fault.  

 The Southwestern fault (SWF), interpreted from seismic data, downfaults the southwestern 
block (SW).  

5.2 Geology within the block models 
The following paragraphs describe the geology in the eastern margin of the basin, within the 11 

blocks defined by the fault network described above (Figure 1a). In particular, information is provided 
on how the various stratigraphic horizons are modelled within each block and on assumptions made 
to model the top of the Caledonian basement. In general, the stratigraphic boundaries are modelled 
by building a best fitting plane passing through the map traces of the geological units and drillholes 
intersections if available, which is then discretized and interpolated to better fit the map traces. The 
highest stratigraphic levels of the study area, from Upper Triassic to Jurassic formations are arranged in 
a layer cake configuration and in this model they are considered unaffected by the Triassic rift so the 
base of these stratigraphic horizons are modelled as single surfaces over the entire study area. Older 
formation are affected by the rifting and therefore require to be modelled independently within each 
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block. Where no outcrop data are available, the stratigraphic horizons are modelled based on the 
modelled upper stratigraphic horizons and on the unit thicknesses from the literature.  

 Eastern Canning Land block (ECL) 

The rocks cropping-out in the eastern part of Canning Land belong to the FJA and comprise 
metasedimentary Neoproterozoic rocks of the Eleonore Bay Supergroup (EBS) and Tillite Group, and 
Cambrian sedimentary rocks of the Kong Oscar Fjord Group. The sedimentary sequence forms a broad 
anticline with a WSW-oriented fold axis (Bütler, 1948). At the eastern tip of the peninsula, deep 
erosion led to the exposure of the Caledonian Kap Wardlaw granite intruded in the sedimentary 
sequence (Figure 2a; dated by Corfu and Hartz, 2011). The lowest quartzite sequence of the exposed 
EBS reach a thickness > 2.4 km (NL1 and NL2 in Sønderholm et al., 2008) and are considered non 
magnetic. Within this block, the magnetic sources are therefore expected to be associated with the 
underlying rocks of the HBTS, which top is modelled as a surface 2 km below sea level; and with the 
Kap Wardlaw granite, which top is modelled using the terrain model.  

 Kap Brown block (KB)  

At the eastern tip of Wegener Halvø, rocks belonging to the FJA crop-out in the footwall of the 
Sko fault, and are both intruded and overlaid by Devonian volcanic rocks (location 1 in Figure 2). The 
latter are here considered as the magnetic source and in this block, the magnetic basement is therefore 
modelled using the topographic and bathymetric data. 

 Eastern Wegener Halvø block (EWH)  

In the hanging wall of the Sko Fault, basal Devonian conglomerates lie on the eroded surface of 
a Devonian volcanic structure (location 1 in Figure 2; Bütler, 1948). They are themselves overlaid by 
Middle Devonian series, similar to those exposed in Canning Land. The magnetic basement within 
this block is considered to be the Devonian volcanic rocks and their top is modelled based on the map 
trace of the unconformity they form with the overlying conglomerates; i.e. as a plane dipping 20° to 
the west. 

 Central Wegener Halvø block (CWH)   

Carboniferous, Upper Permian, Early Triassic and Middle Triassic rocks crop-out in the CWH 
block, bounded by the Tvekegledal fault to the west and separated by the Calamitesdal fault from the 
Devonian series cropping-out to the east. Like the western Wegener Halvø block (WWH), the CWH 
block was tilted towards the W-NW in Early Triassic times (Seidler, 2000). Sedimentary formations 
crop-out at a lower elevation in this block than in the WWH block, and based on the modelled 
surfaces representing the base of the Upper Permian unit on either side of the Tvekegle Fault, a vertical 
offset of at least 1200 m is estimated in the southern part of the Tvekegle Fault; and at least 600 m in 
the northern part of the fault. The base of the Carboniferous unit lies below sea level, below which a 
Devonian sedimentary sequence of 3 km is assumed before reaching the Devonian volcanic series, 
considered to be the magnetic source in this block and which top surface is modelled as in the other 
blocks; i.e. a plane dipping 20° to the west. 

 Western Wegener Halvø block (WWH) 

Just west of the Tvekegle fault, a very small outcrop of quartzitic shales belonging to the FJA occurs 
in the northern coast of Wegener Halvø. They are overlain by Devonian volcanic rocks (location 2 in 
Figure 2), followed by folded Middle Devonian formations, themselves overlaid by almost horizontally 
bedded sandstones belonging to Upper Devonian series exposed in the western and southwestern parts 
of this block (Bütler, 1948). A major unconformity occurs between the Upper Devonian rocks and 
the Upper Permian conglomerates due to the Permian peneplanation. No Carboniferous rocks are 
mapped in the western part of the WWH block, but they might exist at depth towards the west of the 
area. In Early Triassic times, the WWH block was tilted towards the W-NW, favoring submarine 
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canyon incision towards the northwest of the block while the crests of the blocks were uplifted (Seidler, 
2000). Important lateral sedimentary thickness variation results from the synchronous deposition of the 
early Triassic formations with the Late Permian-earliest Triassic activity of the faults. Yet, the overlying 
Triassic Gipsdalen and Fleming Fjord formations display relatively constant thicknesses. The magnetic 
source in this block is assumed to be associated with the Devonian volcanic rocks and their top is 
modelled as a plane dipping 20° to the west from the rock exposure in the northeastern part of the 
block.  

 Northern Fleming Fjord block (NFF) 

North of the Fleming Fjord, Middle Triassic to Jurassic formations crop-out at a lower 
topographic level than to the south of the Fleming Fjord, in the WWH block. A vertical difference of 
about 1000 m is observed between the base of the Upper Triassic Gipsdalen Formation in the NFF 
and WWH blocks. Rocks of the Lower Triassic, Upper Permian and Devonian formations are 
expected below the Middle Triassic rocks, before reaching the Caledonian basement. The magnetic 
source within this block is expected to be associated with the Devonian volcanic series, should they 
occur in this block as well. The top of their unit is modelled using the same surface as in the WWH 
block but is translated 1000 m downwards. 

 Carlsberg Fjord block (CF) 

In Canning Land, the Sko fault separates in a step-like manner rocks of the FJA to the east, from 
Devonian tuffs and porphyry rocks to the west. Although the contact between the Caledonian 
basement rocks and the Devonian volcanics is mainly observed as a tectonic feature, in the southern 
part of Canning Land, the erosional unconformity between the Caledonian basement and the 
Devonian volcanic series is exposed as a NW-SE-striking plane dipping about 20°. The volcanic series 
are downfaulted to the west and unconformably overlain by Middle Devonian sedimentary rocks, 
about 3000 m thick, cropping-out to the west with an average dip of 37° to the west (Bütler, 1948). 
They are themselves unconformably overlaid by Carboniferous rocks dipping about 30-35° to the 
west. Upper Permian conglomerates and limestones, dipping 10-15° to the west, rest unconformably 
on the Devonian and Carboniferous rocks. The earliest Triassic Wordie Creek Formation is only 
observed at two minor outcrops in the western part of Canning Land and is overlaid by Middle Triassic 
to Jurassic formations which dominate the western side of the Carlsberg Fjord. Depending on the 
lateral extent of the Devonian volcanic rocks, the magnetic source rocks within this block may either 
be attributed to the Devonian volcanic rocks, observed in the northeastern part of the block or to the 
Caledonian basement rocks of the HBTS. As the FJA is not expected in the southern part of the area, 
and due to the unknown lateral extent of the Devonian volcanics, the top of the magnetic basement 
is modelled within the entire block as a single surface dipping 20° from the western outcrop of 
Devonian volcanic rocks of Canning Land and will be adjusted during the inversion of the magnetic 
data. This shallow surface model is preferred since due to the dip of the units, great depths are reached 
in the western part of the block and the update of the deep surfaces would be difficult to achieve 
during the inversion.  

 Northern Klitdal block (NK) 

The NK block is bounded by two NE-SW-oriented normal faults and is composed of crystalline 
Caledonian basement rocks of the HBTS cropping out in the northernmost part, and of Middle Triassic 
to Upper Triassic sedimentary rocks towards the west, dipping about 5° to the southwest. The 
conductivity sections allowed constraining the crystalline basement in the first 500 meters at depth. 
The top of the Caledonian crystalline basement, considered as the magnetic basement, is modelled 
with the same plane than in the Liverpool Land block (see next paragraphs) except where the basement 
is observed at the outcrop, in which case it is modelled using the terrain model.  
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 Central Klitdal block (CK)  

The CK block is bordered by two NNE-SSW to NE-SW-oriented fault systems. In the 
easternmost part of the block, sedimentary rocks of the Middle Triassic Klitdal Member crop-out in 
the hanging wall of the RPF (Figure 1a). In this block, the top of the basement, considered as the 
HBTS, is modelled with the same plane than in the Liverpool Land (LL) block (see next paragraph), 
but is shifted 600 m downwards in order to be located below the bottom of the IC1 and IC2 drillholes. 
Indeed, the cores of the IC1 and IC2 holes revealed 500 m and 160 m (respectively) of coarse-grained 
rocks belonging to the Middle Triassic Klitdal Member without reaching the Caledonian crystalline 
basement (Stelter, 2014). Towards the west of this block, Upper Triassic formations crop-out dipping 
between 5° to the WNW and 10° to the NW. In the western part, the Triassic sedimentary sequence 
is overlaid by Lower Jurassic formations also dipping 10° to the NW.  

 Liverpool Land block (LL)  

The LL block is mainly represented by exposed Caledonian basement rocks of the HBTS and 
shows a relatively flat surface dipping about 5° to the west, interpreted as the Permian peneplain 
(Guarnieri et al., 2017). Towards the west of the LL block, the Triassic sequence rests on the 
peneplained Caledonian crystalline basement as indicated by four holes drilled in this area, which 
revealed a shallow basement between 50-160 m below the exposed Gipsdalen and Pingo Dal 
Formations (Stelter, 2014). The Middle Triassic Klitdal Member shows great lateral thickness variation, 
as it is more than 500 m thick north of the CKF but is only 70 m thick south of it. Upper Triassic 
formations rest on this syn-rift sequence, dipping 5 to 10° to the southwest and are overlain by Jurassic 
sedimentary rocks in the westernmost part. Assuming the absence of the Devonian volcanic rhyolitic 
flows in this area, the magnetic source in the LL block is considered associated with the rocks belonging 
to the HBTS. Where the latter are exposed, the magnetic basement surface is assigned the elevation 
of the terrain model and where it is under cover it is modelled as the peneplained basement; i.e. a 
plane dipping 5° to the west.  

 Southwestern block (SW) 
The magnetic basement in the SW block is assumed to be associated with the Caledonian rocks 

of the HBTS and since the vertical offset due to the SWF is not estimated, the magnetic basement in 
the SW block is modelled as in the CK block; i.e. using the same surface than in the LL block but 
shifted 600 m downwards.  

5.3 Geological constraints on the basement model  
In the LL block, the top of the magnetic basement is constrained by drillholes intersections (CC1, 

CC2, CC3, CK, IF1 and IF2) and with the terrain model where the basement is exposed. In the CK 
block, upper boundaries to the top of the magnetic basement are set from drillholes results (IC1 and 
IC2). In NK, KB and ECL, the magnetic basement is partly constrained by the terrain model. These 
hard geometrical constraints prevent the basement interface to move at the specified locations during 
the inversion.  

5.4 Assigning petrophysical properties 
The measurements of magnetic susceptibility performed along the drillcores sampled arkoses and 

conglomerates of the Middle Triassic Pingo Dal Formation; gypsiferous sandstones and mudstones of 
the Gipsdalen Formation; sandstones of the Fleming Fjord Formation and granitic rocks of the 
Caledonian basement (Table 1). Not every lithology encountered in the area was sampled and no data 
are available for the Upper Permian, Carboniferous and Devonian formations. Likewise, only granitic 
rocks are measured in the Caledonian basement, and are not representative of all Caledonian basement 
rocks. Therefore, where possible, magnetic properties of other rock types are estimated by apparent 
magnetic susceptibility inversion. This calculation assumes that the response is caused by a collection 
of vertical prisms of great depth extent, which tops conform with topography, and that the magnetic 
field is only due to induced magnetization. The results of the apparent susceptibility inversion, 
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presented in the following paragraphs are analyzed over exposed potential magnetic source rocks, such 
as Caledonian crystalline basement rocks in Liverpool Land, Devonian volcanic rocks in Canning Land 
and the Kap Wardlaw granite.  

5.4.1 Apparent magnetic susceptibility inversion over magnetic sources 

5.4.1.1 Devonian volcanic rocks and Kap Wardlaw granite (Wegener Halvø and Canning Land) 
The apparent magnetic susceptibility inversion in the Wegener Halvø and Canning Land areas 

is performed on the data from the Fugro (1) survey (Table 2), resampled every 400 m. An initial model 
with a lateral discretization of 200 m x 200 m and a homogeneous susceptibility of 3·10-3 SI is used. 
An RMS misfit of 4 nT is achieved after 4 iterations. 

The analysis of the results over the Devonian volcanic rocks cropping-out at the eastern tip of 
Wegener Halvø and in Canning Land shows two groups of magnetic susceptibility (Figure 4a). The 
highest susceptibility values ranging between 10·10-3 SI and 12.3·10-3 SI are mainly associated with the 
rocks cropping-out in Wegener Halvø while the lowest values range between 2.7·10-3 SI and 5.7·10-3 
SI and are mainly associated with the rocks cropping-out in Canning Land. Apparent magnetic 
susceptibility values calculated over the Kap Wardlaw granite cropping-out at the eastern tip of 
Canning Land have an average value of 1·10-3 SI (Figure 4b). 

 

Figure 4. Distribution of the apparent magnetic susceptibility values (SI unit) resulting from inversion over (a) 
Devonian volcanic rocks cropping-out in Canning Land; (b) the Kap Wardlaw granite cropping-out at the 
eastern tip of Canning Land; (c) crystalline basement rocks cropping-out in Liverpool Land; (d) granites 
cropping-out in the southwestern part of Liverpool Land. Std: standard deviation. 

5.4.1.2 Crystalline Caledonian basement rocks (Liverpool Land) 
The apparent susceptibility inversion over the crystalline Caledonian basement rocks cropping-

out in Liverpool Land is performed on the merged data sampled every 500 m. The initial model is 
laterally discretized with 500 m x 500 m cells which are assigned an initial homogeneous susceptibility 
of 3·10-3 SI. An RMS misfit of 5 nT is achieved after 52 iterations. Nevertheless, negative residual data 
remain along a N-S trend in the Klitdal area. The results analyzed over the outcropping basement 
rocks in Liverpool Land range between 0 and 17·10-3 SI with an average apparent magnetic 
susceptibility of 5.2·10-3 SI (Figure 4c). 
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Some of the high magnetic anomalies in the southern part of Klitdal coincide with the presence 
of granitic intrusions cropping-out in Liverpool Land. Results from apparent magnetic susceptibility 
inversion over the granites cropping-out show an average susceptibility of 12·10-3 SI (Figure 4d).  

5.4.2 Initial petrophysical model 

As regarded earlier, no magnetic susceptibility data are available for the Upper Permian, 
Carboniferous and Devonian units. Since the measurements from the Triassic formations are rather 
homogeneous, the sedimentary cover is assumed undifferentiated in the initial petrophysical model, 
and is assigned a susceptibility of 4·10-4 SI based on the upper-rounded averaged magnetic susceptibility 
values measured in the Triassic sedimentary formations of the drillcores (Table 1). The blocks in the 
northern part of the area where Devonian volcanic rocks are considered as magnetic basement (NFF, 
WWH, CWH, EWH, KB) are assigned a magnetic susceptibility of 4·10-3 SI, corresponding to the 
median of the bimodal distribution of the susceptibility resulting from apparent susceptibility inversion 
(Figure 4a). Blocks where Caledonian crystalline rocks are considered as magnetic basement (ECL, 
CF, LL, CK, NK, SW) are assigned a magnetic susceptibility of 5·10-3 SI, based on the average 
susceptibility resulting from apparent susceptibility inversion (Figure 4c). The parts in the Liverpool 
Land block where granitic intrusions are assumed under cover due to the occurrence of very high 
magnetic anomalies are assigned a magnetic susceptibility of 12·10-3 SI based on the average 
susceptibility resulting from apparent susceptibility inversion (Figure 4d). The exposed magnetic 
basement is assigned the heterogeneous magnetic susceptibilities resulting from the apparent 
susceptibility inversions (in Liverpool Land and at the Kap Wardlaw granite). 

6 MODELLING OF MAGNETIC DATA  

All data used for the magnetic modelling are RTP-ed (for merging purposes) and the inducing 
field parameters in the modelling are set accordingly; i.e. with an inclination of 90° and an ambient 
field of 53 600 nT. Although parts of the area are affected by remanent magnetization, magnetization 
is considered fully induced and with positive susceptibility in the following modelling. In the following 
paragraphs, the RMS value is provided as an absolute value in nT and as a percentage representing the 
ratio of the RMS value to the dynamic range of the observed data.  

6.1 Assessing the initial Model 1  
The initial model constructed in section 5 is assessed using two units: the magnetic basement 

and an undifferentiated sedimentary cover (Figure 5a). For modelling, the initial model is discretized 
with lateral prism sizes of 500 m and the merged data are resampled with the same discretization. The 
forward calculation yields an RMS misfit of 53.8 nT (11%; Figure 5b). In order to assess the 
contribution of the basement to the magnetic data, combined basement heterogeneous property and 
geometry inversion is then performed, reducing the RMS from 53.8 nT to 14.8 nT (3%) after 7 
iterations and to 9.8 nT (2%) after 16 iterations. After 7 iterations, significant residual data remains in 
the Wegener Halvø area and in the southwestern part of the Carlsberg Fjord. The latter are however 
fitted with geologically realistic results after the 16th iteration (Figure 5c). The forward calculation and 
inversion results are discussed in the following paragraphs with numbers in parenthesis referring to 
locations marked by circled numbers in Figure 5b and c. The geological and magnetic maps of the 
Klitdal and Wegener Halvø and Canning Land areas presented in Figure 2 and Figure 6 complement 
the interpretation of the forward modelling and inversion results. 
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Figure 5. Assessing the initial model 1 against the merged magnetic data. (a) Initial geometrical and petrophysical 
model showing the top of the magnetic basement along the eastern margin of the basin, segmented by 
Carboniferous (in red) and Triassic faults (in purple). Fault names in black, block names in white (cf section 5.1 
and 5.2 or Figure 1 for abbreviations). The colorscale of the basement surfaces represent its elevation (left) and 
magnetic susceptibility (right). (b) Forward calculation of the initial model 1 with observed, calculated and 
residual data. (c) Combined basement heterogeneous property and geometry inversion showing the elevation 
and magnetic susceptibility of the basement before and after inversion and remaining residual data. The RMS 
is indicated in absolute value (nT) and its ratio to the dynamic range of the observed data is expressed in 
percentage. Circled numbers refer to localities described in the text. 

6.1.1 Southern part of the eastern margin of the basin 

The visual inspection of the forward model residuals (Figure 5b) indicates a good fit in Liverpool 
Land, due to the geometric and susceptibility a priori information included in the initial model. 
However, it seems that the susceptibility in the southwestern part of the Liverpool Land block is not 
high enough to reconcile with the observed data (1), probably due to the presence of high susceptibility 
rocks such as granites. The susceptibility of the granitic intrusions in Klitdal (2) increased during the 
inversion and ranges between 8·10-3 to 19·10-3 SI with a mean of 14·10-3 SI.  

In the forward calculation of the model 1, discrepancies between observed and calculated data 
occur in the northern Klitdal block (3), where the magnetic susceptibility assigned to the exposed 
basement seems too high and is lowered to 0 SI during the inversion but negative residuals yet remain. 
This area is characterized by a low magnetic intensity, and by several magnetic lineaments associated 
with sill edges and NW-SE-oriented dikes (location 1 in Figure 6; Brethes et al., 2018). The northern 
Klitdal block may have been affected by intrusions bearing remanent magnetization of reverse polarity, 
causing the low magnetic field observed at this location and significantly compromising the basement 
depth estimation using magnetic data at this location. Furthermore, the strong magnetic contrast in the 
observed data across the NE-SW-trending Central Klitdal fault (CKF) (4) is not reproduced in the data 
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calculated with the initial model 1. Instead, the initial model creates a magnetic contrast just north of 
it, across the Western Klitdal fault (WKF) (5) while the observed data are rather marked by a NE-SW 
magnetic gradient. This suggests that the offset between the CK and LL blocks is too small while the 
offset between CK and CF is too large and even questions the existence of the WKF fault, or the 
possibility to reconcile it from the magnetic data. This is further investigated in section 6.2. During 
the inversion, the deepest part of the southwestern part of the Carlsberg Fjord block (CF) (6) is raised 
to 7000 m below sea level, creating a surface dipping 13° to N260, bordered to the east by a NNW-
SSE-striking steep step. To the east of the break, the basement surface reached a depth of 10000 m 
below sea level. This may suggest the presence of a sealed NNW-SSE-trending fault segmenting the 
Carlsberg Fjord block into two blocks. The NNW-SSE trend marked by the inverted model, is parallel 
to the Pre-Permian Sko fault (SF) and Calamitesdal fault (CF) and to the magnetic lineaments observed 
in the area (Figure 6) interpreted by Brethes et al. (2018) as a possible Carboniferous fault intruded by 
dikes in Cenozoic time. During the inversion, the susceptibilities of the basement in the CF block, 
initially set to 5·10-3 SI, decreased in the eastern part of the block and slightly increased in the western 
part of the block. The inverted susceptibilities range between 0.25·10-3 SI and 7·10-3 SI. Despite the 
increase of susceptibility and elevation of the basement in the western part of the block, high positive 
residual data remain in this area after the inversion. In the easternmost part of the CF block (7), the 
calculated field is too high compared to the observed data and in particular, along a NNW-SSE band 
which corresponds to outcrops of Devonian porphyries and tuffs. During the inversion, the 
susceptibility along this band has been lowered from 5·10-3 SI to susceptibilities ranging from 0 to 
3.7·10-3 SI with a mean of 1.7·10-3 SI. 

6.1.2 Northern part of the eastern margin of the basin 

The magnetic field observed in the northern part of the area is not well reconciled with the 
initial model 1 (Figure 5b). In the forward response of the initial model, the high anomaly observed 
along Wegener Halvø (WH) is only reproduced at the crests of the westward-dipping basement 
surfaces, creating positive anomalies where they crop-out (WH in Figure 5b). During the inversion, 
in the WWH block, the elevation of the magnetic basement increased by 1000 m and its susceptibility 
increased from 4·10-3 SI to 5.8·10-3 SI (8). The susceptibility also increased in the CWH (9) and EWH 
blocks (from 4·10-3 SI to 7·10-3 SI) while the elevation of the basement did not vary much. These 
changes are geologically reasonable since the increase of elevation of the magnetic basement top, 
probably associated with Devonian volcanic rocks, does not reach the modelled overlying sedimentary 
formations and allowed reproducing the observed anomaly in Wegener Halvø (cf. residuals in Figure 
5c). Although the anomalies observed in Wegener Halvø are here interpreted to be associated with 
Devonian volcanics based on the colocation of the high magnetic anomaly peaks and the exposure of 
Devonian porphyries and intrusive rocks (locations 1 to 4 in Figure 2), it cannot be excluded that part 
of the anomalies are associated with overlying sedimentary formations. Petrophysical measurements of 
the overlying formations would help to better constrain the source of these anomalies.  

In the NFF block (10), during the inversion process, the elevation of the top of the basement is 
lowered by about 1000 m and its susceptibility decreased from 4·10-3 SI to 3.5·10-3 SI. In Canning 
Land (CL in Figure 5b), the magnetic response of the initial model is too high compared to the 
observed anomaly field. During the inversion, the top of the magnetic basement in ECL (11) is lowered 
and its susceptibility decreased from 5·10-3 SI to 9·10-4 SI. However, in the northwesternmost part of 
the block, the basement depth is raised and the susceptibility increased; to fit the high local magnetic 
intensity associated with a small isolated outcrop of non-eroded Devonian volcanic rocks on a 
topographic high, probably continuing towards the north below sea level. Although the magnetic 
susceptibility of the Kap Wardlaw granite is set to low value in the initial model, negative residuals are 
observed in this area.  
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Figure 6. Klitdal area (a) Simplified geological map with faults from Guarnieri et al. (2017) and selected magnetic 
dikes and sill edges delineated from magnetic data (Brethes et al., 2018). Geological legend in Figure 1a; 
(b) First-order vertical derivative upward continued to 100 m; ( ) Tilt derivative upward continued to 100 m. 
Data are reduced-to-pole and displayed with a shaded relief using an illumination from the NE and a 
histogram-equalized data representation. Locations marked by circled numbers are discussed in the text.  

6.2 Testing the presence of a sealed NNW-SSE-trending Carboniferous fault segmenting 
the Carlsberg Fjord 

In order to reproduce the observed magnetic gradient across the NNW-SSE trend in the western 
part of the Carlsberg Fjord block (location 1 in Figure 7b), we assess the presence of a sealed NNW-
SSE-trending Carboniferous fault, suggested by the inversion results of the initial model (section 6.1). 
This fault, here named the Western Carlsberg Fjord Fault (WCFF), segments the Carlsberg Fjord block 
into two blocks: Western Carlsberg Fjord block (WCF) and Eastern Carlsberg Fjord block (ECF) 
(Figure 7a). In the ECF block the same magnetic basement surface as in the initial model 1 is used and 
in the WCF block, the basement top is built as a surface dipping 13° to the west from a depth of 
4500 m below sea level at the fault, as suggested by the inversion results.  

This model also includes a few changes in the initial geometry and magnetic susceptibility based 
on the assessment of the model 1. The susceptibility of the magnetic basement located under cover in 
the southern part of LL block appeared too low in the model 1 and is now set to 6·10-3 SI while in the 
northern part and in the ECL block the susceptibility is reduced to 3·10-3 SI (Figure 7a). Since high 
susceptibilities are expected in the southern part of the WCF, the same susceptibility than in the 
Liverpool Land basement is used in the WCF block; i.e. 6·10-3 SI. However, the ECF block is assigned 
the same susceptibility than previously used in the CF block; i.e. 3·10-3 SI. The susceptibility across 
the two blocks is expected to even out during the inversion. The magnetic susceptibility of the granitic 
intrusions assumed under cover in the LL block are set to 15·10-3 SI. The southern border of the 
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northern Klitdal block is considered to be located further north, along a NW-SE-oriented fault. The 
map trace of this fault is based on a NW-SE-trending negative magnetic lineament interpreted as a 
fault in Guarnieri et al. (2017). A susceptibility of 0 SI is assigned to the basement in this block. The 
basement depth in the NFF block is translated 1000 m downwards. The magnetic susceptibility of the 
Devonian volcanic rocks, considered as magnetic source in NFF, WWH, CWH, EWH, KB and ECF 
blocks is set to 3·10-3 SI. Results from the modelling are described in the following paragraphs where 
numbers in parenthesis refer to locations marked by circled numbers in Figure 7. 

Forward calculation of this initial model 2 yields an RMS of 45.4 nT (9%; Figure 7b). In general, 
the magnetic response in the central part of the area is closer to the observed field than in model 1 as 
we observe (1) a decreasing magnetic gradient towards the east across the NNW-SSE-trending fault 
WCFF, although this gradient is not well pronounced in the calculated data; and (2) a strong magnetic 
contrast across the Central Klitdal fault (CKF). However, high positive residuals remain in the southern 
part of the WCF block. Some misfit also remain in the central Klitdal part (3); in the Wegener Halvø 
and Canning Land areas (WH and CL, respectively in Figure 7b) where no major changes were applied 
compared to model 1. 

Combined basement magnetic susceptibility and geometry inversion is performed on the merged 
data to assess the contribution of the magnetic basement in the new model to the observed data. An 
RMS misfit of 15.1 nT (3%) is achieved for the updated model 2 after 13 alternating property and 
geometry iterations, but strong positive residuals remain in the WCF block and some positive residuals 
also remain in Wegener Halvø. While the resiuals in Wegener Halvø are fitted at the 16th iteration, 
more changes are required in the WCF block in order to fit the residuals and results from the 24th 
iteration associated with an RMS of 10.3 nT (2%) are shown in Figure 7c. 

In the southern part of the WCF block (4), both the basement elevation and the magnetic 
susceptibility increased during the inversion. The high susceptibility could be interpreted to be 
associated with the presence of granites in the down-faulted basement, as they occur in LL block. The 
vertical offset across the central Klitdal fault (CKF) between LL and WCF block is reduced to about 
2000 m (at the 24th iteration), while the offset between LL and ECF blocks increased to 
6800 m/7800 m (13th and 24th iteration, respectively) but negative residuals yet remain. After inversion, 
the maximum depth in the ECL block reaches 10 km and its magnetic susceptibility decreased to an 
average of 1.8·10-3 SI and ranging between 0 SI in the southern and western parts of the  ECF and 
4.9·10-3 SI in the hanging wall of the CFF. Despite the null value of susceptibility in the magnetic 
basement and the great depth of basement elevation reached during the inversion, negative residual 
data remain in the Klitdal area. Likewise, although the northern Klitdal block is assigned an initial 
susceptibility of 0 SI, negative residuals remain after inversion in this area (5). This may suggest the 
presence of rocks bearing remanent magnetization with reverse polarity in the southern part of the 
ECF block, in which case, the estimation of the depth to the magnetic basement is significantly 
compromised without having more petrophysical constraints.  

During the inversion, the elevation of the basement in the easternmost part of the WCF block 
increased in an isolated area (6). At this location, two isolated positive residuals remain from the 
inversion. The southern one coincides with a WNW-ESE-trending positive linear magnetic anomaly 
in the Fugro and SkyTEM datasets, interpreted as dike in Brethes et al. (2018) (location 2 in Figure 
6). About 3.5 km south of this, a negative residual is coinciding with a WNW-ESE-trending negative 
linear magnetic anomaly in the Fugro and SkyTEM datasets, interpreted as dike bearing remanent 
magnetization of reverse polarity by Brethes et al. (2018) (location 3 in Figure 6). The strongest positive 
residual coincides with a longer wavelength, E-W-trending positive anomaly about 7 km long by 
2.5 km wide in the vertical derivative map, manifesting by positive angle in the tilt-derivative map 
(location 4 in Figure 6). The top of the magnetic basement in the northern part of the WCF block (7) 
decreases during the inversion to depth of -7800 m to -9000 m (results at 13th and 24th iteration, 
respectively). The western part of the Klitdal area is affected by numerous short wavelength magnetic 
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anomalies associated with the presence of dike or sill edges intruded in the sedimentary sequence 
(Brethes et al, 2018).  

 

Figure 7. Assessing the presence of a sealed NNW-SSE-trending fault segmenting the Carlsberg Fjord block. 
(a) Initial geometrical and petrophysical model 2 showing the top of the magnetic basement segmented by 
Carboniferous (in red) and Triassic faults (in purple). Fault names in black, block names in white (cf section 5.1 
and 5.2 or Figure 1 for abbreviations). (b) Forward calculation of the initial model with observed, calculated 
and residual data; (c) combined basement heterogeneous property and geometry inversion showing the elevation 
and magnetic susceptibility of the basement before and after inversion and remaining residual data; (d) combined 
basement heterogeneous property and geometry inversion of the initial model 2 using the merged data upward 
continued to 3 km. The RMS is indicated in absolute value (nT) and its ratio to the dynamic range of the 
observed data is expressed in percentage. Circled numbers refer to localities described in the text. 
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From the results of this inversion, it is difficult to evaluate whether the high magnetic intensity 
in the southwestern part of the WCF block is actually due to a high susceptibility in the down-faulted 
basement block, to shallow intrusive features such as sills and dikes or due to the combination of both. 
In order to reduce the magnetic responses due to these geological features, the merged data are upward-
continued to an elevation of 3000 m, at which these short wavelength anomalies are no longer 
observed when deriving the magnetic field. The combined inversion results of the initial model 2 with 
the upward continued data to 3 km are shown in Figure 7d. An RMS of 14.4 nT is reached after 4 
iterations with residual data remaining in the Klitdal area, but the residuals in the WCF block are 
limited to the southwestern edge of the model area. In the southern part of the block, the basement 
elevation increased to a depth of 1500 m below sea level and its susceptibility increased to 9·10-3 SI 
(location 6 in Figure 7d). The vertical offset between LL and WCF blocks is thereby reduced to 1200 
m. In the northern part of the block, the basement elevation decreased to a depth of about 10 m below 
sea level (location 7 in Figure 7d). From these results, it appears that the Carlsberg Fjord block is 
segmented in at least two blocks by a fault system with shallower basement in the western block and 
deep basement in the eastern block and that the orientation of the fault may be NW-SE-trending.  

Both the elevation and susceptibility of the magnetic basement in the area between Liverpool 
Land and Canning Land were increased during the inversion of the model 2, (location 8 in Figure 7c), 
as it was the case for the inversion of the model 1 (section 6.1). The smooth shape of the inverted 
basement may be interpreted to be caused by the presence of more magnetic sedimentary rocks 
deposited in the hanging wall of the CFF, or may question the location of the Carlsberg Fjord fault 
(CFF), which could be located further north, bounded to the west by the NW-SE-trending Inderfjord 
Fault 3 (IFF3). 

In the initial model 2, the magnetic susceptibility of the basement in Wegener Halvø and 
Canning Land (WH and CL), was assigned lower values than in the model 1 but the geometry was 
not modified. In general, in the northern part of the modelled area, the inversion with model 2 leads 
to the same modifications of the geometry and susceptibility model than it is performed in the model 
1. The visual inspection of the inversion residuals shows that the areal extent of the magnetic response 
of the Kap Wardlaw granite is larger than its exposure in Canning Land since negative residuals are 
observed 2 km to the north of it (location 9 in Figure 7b and c). 

7 ARCHITECTURE OF THE EASTERN MARGIN AND 
IMPLICATIONS FOR MINERAL EXPLORATION 

The modelling of magnetic data along the eastern margin of the area confirmed the 
interpretations from Guarnieri et al. (2017) that the southern part of the area is represented by a shallow 
Caledonian crystalline basement while a thick sedimentary pile dominates in the north. The magnetic 
response associated with the central Klitdal fault could be reproduced in its western part where its 
vertical offset is estimated between 1200 to 2000 m. However, the western Klitdal fault could not be 
reconciled from magnetic modelling. The magnetic response of the offset of this fault is not observed 
in the magnetic data, which may be due to the presence of remanent negative magnetization in the 
eastern part of the central Klitdal block. The Carlsberg Fjord block seems segmented by a sealed 
NNW-SSE to NW-SE-oriented fault into a footwall to the west and a deep hanging wall to the east. 
The western Carlsberg Fjord block is affected by intrusions of sills and dikes which may bias the depth 
estimation of the block. However, the magnetic basement depth in the northwestern part of this block 
and in the northwestern part of the eastern Carlsberg Fjord block seems to average 10 km. The 
modelling of magnetic data also suggests the presence of remanent magnetization with reverse polarity 
in the Klitdal area, making depth-to-magnetic basement estimation unreliable in this area. Based on 
the initial geological model, the sedimentary package is however expected important in this area. The 
presence of magnetic material just north of the current location of the Carlsberg Fjord fault may be 
associated with Devonian volcanic rocks or eroded products deposited in the footwall of the fault, but 
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it may also question the location of the fault, which may be located further to the north. The magnetic 
anomaly along Wegener Halvø may be caused by magnetic basement highs which could be associated 
with the presence of Devonian volcanics. However, without the use of more petrophysical constraints 
in the model, it cannot be excluded that heterogeneous magnetic susceptibilities within the overlying 
sedimentary units may contribute to these magnetic anomalies.  

In this paper, the magnetic anomalies are fitted by updating the magnetic susceptibility and 
geometry of the magnetic basement and assuming a homogeneous sedimentary cover. The model 
would therefore beneficiate from additional petrophysical constraints from the Caledonian basement 
rocks and from the Devonian formations, which present great thicknesses in certain areas and therefore 
have a significant contribution to the magnetic field. Furthermore, the use of other geophysical 
methods such as gravity or seismics in combination with magnetic data would greatly improve the 
interpretation in areas strongly affected by remanent magnetization, provided that the rocks present 
enough density or velocity contrasts.  

According to Hitzman et al. (2005), sediment-hosted stratiform Cu deposits around the world 
show common key characteristics required to form economic concentrations of Cu. Among these, the 
presence of red-bed sedimentary successions is critical as they undoubtedly are the main source of 
metals. Their thickness is typically hundreds of meters to kilometer in order to provide sufficient metal 
sources to form an ore-forming fluid. In the drilling campaign of 2014 in the Klitdal area, the holes 
CC1, CC2, CC3 and CK1 were drilled to the south of the Western Klitdal Fault, where the basement 
is reached at shallow depth immediately under a rather thin sequence of Middle Triassic arkosic 
sandstones (between 70 and 100 m). In that respect, the sedimentary sequence in southern Klitdal may 
not be thick enough to provide sufficient volumes of leachable metal source rocks, nor to provide 
sufficient load for extracting enough basinal brines. However, the area to the north of the central 
Klitdal fault, thick (> 500 m) coarse Triassic red bed successions are observed at the outcrop and from 
drillcores. The Wegener Halvø and Canning Land areas furthermore display thick red bed Devonian 
sequences and Devonian volcanic rocks both at the base of the red beds and as eroded products within 
them. The presence of volcanic rocks constitute a significant additional source of Cu and other metals 
to the system (Borg, 1991; Kirkham, 1996). To the south of the Nathorst Fjord fault, nearly 10 km of 
sedimentary formations are estimated from modelling of magnetic data where a thick Devonian to 
Carboniferous sedimentary sequence is expected as well as the possible presence of Devonian volcanic 
rocks. The drillholes IF1 and IF2 reached the Caledonian basement at shallow depth while IC1 and 
IC2, located in the hanging wall of the Triassic fault system, went through a thick syn-rift sedimentary 
sequence but did not intercept mineralization. However, the strong negative magnetic signal in this 
area could not be fitted by the modelling of magnetic data and the sedimentary thickness in this area 
is unknown. Therefore, it is not possible to know whether this area contains Devonian red beds and 
volcanic rocks. 

The presence of evaporites is also a common characteristic for the major sedimentary-hosted Cu 
deposits as they constitute a good source of S from sulfate and high salinity brines permitting to leach 
metals (Hitzman et al., 2005). Evaporite lenses or layers may occur within, above or underneath the 
red beds succession and in the eastern margin of the Jameson Land Basin, they are found within almost 
the entire area as gypsum stringers and cement within the uppermost Middle Triassic arkosic sandstones 
and conglomerates of the Klitdal Member and as veins and layers within the Upper Triassic Gispdalen 
Formation.  

The physical architecture of the host rock sequences plays a role on the distribution of the 
sedimentary-hosted Cu deposits, as most of them formed on basin edges in areas where fluids were 
focused through the red beds due to their thinning, to paleotopography and structures (Hitzman et al., 
2005). Furthermore, as observed in famous stratiform Cu ore systems, synsedimentary faults and post 
depositional faults play a critical role in focusing fluid flow through the stratigraphic sequence even 
when displaying small offsets (Mauk et al., 1992; Selley et al., 2005). The study area presents, in 
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addition to folded Middle Devonian red bed sequences, numerous faults (Brethes et al., 2018), some 
of which have a clear synsedimentary character with the associated presence of the wedge-shaped 
Middle Triassic red bed sequence belonging to the Klitdal Member (Guarnieri et al., 2017).  

The redox architecture of the basin is also a crucial parameter in sedimentary hosted stratiform 
Cu systems, with the presence of reductant, either just above the red bed sequence, within or below 
it (Hitzman et al., 2005). Mineralization occurrences in the eastern margin of the basin are indeed 
controlled by redox boundaries (Harpøth et al., 1986; Thomassen et al., 2014). In the eastern margin 
of the basin, carbonate rocks make up the major part of the Upper Permian formations while reduced 
bleached beds occur within the Middle Triassic red bed sequence and limestone and reduced 
carbonaceous dolomitic rocks occur in the Upper Triassic Gipsdalen and Fleming Fjord Formations. 
Exposed in Wegener Halvø and in western Canning Land, the carbonaceous Upper Permian rocks 
may be present at depth in the Carlsberg Fjord block but seem to have been eroded prior to deposition 
of the Middle Triassic rocks in the Liverpool Land block, to the south of the central Klitdal fault.  

8 CONCLUSIONS 

The integration of field data, drilling results, high-resolution 3D-photomapping data along with 
a structural interpretation of aeromagnetic and electrical conductivity sections allowed to build a 
structural framework model in the eastern margin of the Jameson Land Basin. The latter was assessed 
against magnetic data, which confirmed the presence of a relatively thin sedimentary sequence in the 
southern part of the area while the northern part reveals a thick sedimentary pile. Although conclusions 
from the modelling of the magnetic data remain limited due to (1) the lack of petrophysical constraints 
for the lower stratigraphic units and (2) the presence of rocks bearing remanent magnetization, new 
insights on the architecture of the basin margin were gained. In particular, the northwestern part of 
the Carlsberg Fjord area seems to host a thick sedimentary pile probably comprising Triassic and 
Devonian red bed sequences and volcanic rocks thereby constituting a good source of metals. This 
area is also strongly affected by N-S to NNW-SSE-oriented faults and dikes, which may provide 
pathways for fluids and a source of heat for hydrothermal circulation. The northwestern part of the 
Carlsberg Fjord area may therefore be suitable for stratiform and stratabound base metal mineralization 
within the Permo-Triassic sequence, as it is observed in the Wegener Halvø area. 
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ABSTRACT Induced Polarization (IP) effects occur in airborne time domain electromagnetic (TEM) 
data acquired in central East Greenland for sedimentary-hosted Cu sulfide exploration. These IP effects 
manifest by the presence of negative values and very fast decay rates in the transient response curves. 
In this paper, we propose an approach whereby we automatically extract and calculate numerical 
parameters that describe the geometry and amplitude of the response curve, and define transient curve 
patterns from them. For this, we use Self-Organizing Maps (SOM), an unsupervised artificial neural 
network technique as well as k-means clustering for further data reduction and simplification. The 
patterns resulting from the SOM are plotted back into the geographical space and correlated 
with geological features. While some of the transient curve patterns clearly coincide with salt water 
in fjords or river beds, others seem to characterize crystalline basement or sedimentary rocks 
exposures. Transient curve patterns displaying strong IP effects were identified in four areas, associated 
with the presence of Tertiary sills and dikes, with areas affected by intense clay-alteration, as well as 
with a pyrite and Cu-Pb sulfide-bearing brecciated granite and with exposures of Triassic stratigraphic 
horizons hosting disseminated base metal sulfides.  

Key words: Induced Polarization, Self-Organizing Map (SOM), Airborne time-domain 
electromagnetic data, East Greenland, mineralization. 

Introduction 

The presence of negative voltages in time-domain electromagnetic (TEM) data (Figure 1) from 
an airborne survey (SkyTEM) flown in East Greenland for mineral exploration, drew the attention on 
the presence of Induced Polarization effects (IP) in the data. Polarization sources are due to the 
accumulation of electrical charges in the ground which may be related to the presence of sulfides, 
oxides, graphite, or to the presence of fibrous minerals such as clays (Sumner, 1976), or even to the 
presence of permafrost (Kozhevnikov and Antonov, 2012; Kwan et al., 2015a; Smith and Klein, 1996). 
It is therefore of interest to map these IP effects and to identify their sources as they may be of 
economical interest. 

The interpretation of time domain electromagnetic (TEM) data is usually performed assuming 
that the electric conductivity and magnetic permeability of the subsurface is frequency-independent 
(Nabighian, 1991). Under these conditions, the voltage response of the conductors in the ground can 
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be approximated as exponential or power law decay functions (Nabighian, 1991 and ref. therein), and 
when measured with a horizontal coincident-loop system, the voltage values are purely positive 
(Gubatyenko and Tikshayev, 1979; Weidelt, 1982). However, the presence of negative transients in 
coincident-loop TEM data has been observed for many years (Morrison et al., 1969; Spies, 1980) and 
is also observed in airborne data from the coincident loop VTEM and quasi-coincident loop SkyTEM 
surveys (Kaminski and Viezzoli, 2017; Kwan et al., 2015a). Smith and West (1989) and Weidelt (1982) 
showed that when the data are acquired with a coincident loop system, sign reversals cannot be 
explained using non-dispersive resistivity and must result from the induction of polarization currents 
within polarizable bodies. Flis et al., (1989) further showed that negative transient responses can be 
produced by modelling polarizable conductors using a Cole-Cole model (Pelton et al., 1978). 
According to Smith et al. (1988), the current system induced in polarizable bodies is composed of a 
fundamental inductive current; i.e. the same current than would be induced in non-polarizable bodies; 
and of a polarization current, flowing in the opposite direction. In TEM measurements, the 
fundamental induced current decreases with time, and the measured voltage drop is accelerated due to 
the polarization currents flowing in the reverse direction. IP effects in TEM data therefore manifest as 
fast decays of the measured voltage, sometimes leading to negative voltages.  

 

Figure 1. Example of a transient curve from the high moment data of the SkyTEM survey displaying negative 
voltages. The text in grey displays examples of parameters extracted from the transient curves and analyzed with 
the SOM. 

IP effects are often considered as noise in TEM data as they distort them and introduce bias in 
their modelling and subsequent interpretation of inverted conductivities (Raiche et al., 1985). Viezzoli 
et al. (2017) showed that the recovery of a deep conductor under a shallow chargeable layer is only 
possible when IP effects are taken into account in the inversion scheme by using e.g. the Cole-Cole 
relaxation model (Pelton et al., 1978). While negative values in the TEM response curves, characteristic 
of IP effects, can be identified by the manual inspection of both voltage profiles along the survey lines 
and 2D voltage maps for individual time gates, other subtle IP effects such as anomalous decays are 
more difficult to detect. The separation of the IP response from the fundamental induction response 
in the TEM data, and the recovering of IP-affected TEM data have been the subject of many research 
papers (Elliott, 1991; Marchant et al., 2014; Pelton et al., 1978; Viezzoli et al., 2015). However, IP 
effects in TEM data can also be considered as ‘signal’ to map chargeable bodies (Kang and Oldenburg, 
2015; Kwan et al., 2015b; Marchant et al., 2013). 

In this paper, we aimed at developing an automated method to identify and map IP effects 
affecting TEM data, as well as at identifying their possible sources. To do this, we extracted numerical 
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parameters characterizing the shape and the amplitude of the response curve and analyzed these multi-
variate data using an unsupervised artificial neural network technique called Self-Organizing Maps 
(SOM) in order to define response curve patterns. Comparing the spatial distribution of these patterns 
with the geology of the area allowed establishing correlations and ultimately, allowed discussing their 
possible sources.  

 

Figure 2. Klitdal area. (a) Simplified geological map at the 1:100 000 scale (Birkelund and Higgins, 1980; 
Friderichsen and Surlyk, 1981) within the area covered by the SkyTEM survey. Fm.: Formation. (b and c) 
Time gate of the first negative value in the transient response of the (b) LM data: (c) HM data.  
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The eastern margin of the Jameson Land Basin 

The Klitdal area, located along the eastern margin of the Jameson Land Basin, is characterized 
by a Caledonian crystalline basement exposed to the east; and by a westerly dipping Triassic to Jurassic 
sedimentary sequence exposed to the west (Figure 2a). At the outcrop, the Caledonian basement, 
mainly represented by metasedimentary rocks intruded by granitic rocks, forms a peneplain dipping 
few degrees to the west and is segmented by NNE-SSW to NE-SW-trending normal Triassic faults. 
These faults accommodated coarse conglomerates and arkoses forming the Middle Triassic Klitdal 
Member syn-rift sedimentary sequence (Guarnieri et al., 2017). About 45 km north of the Klitdal area, 
this sequence hosts widespread Cu-Pb-(Ag) sulfide mineralization occurring at redox boundaries as 
cement in the arkoses (Harpøth et al., 1986). Floats of similar mineralization were found in Klitdal 
accompanied by intense clay-alteration (Thomassen et al., 2014; Thomassen and Rink, 2013). At the 
“Ice Cave” locality, native Cu and Ag occur in granitic conglomeratic pebbles (Figure 2a; Thomassen 
et al., 2014). Disseminations of chalcocite also occur further to the south at the “Copper Creek” 
locality (Figure 2a), where it is accompanied by hematite and albitisation at the vicinity of a WNW-
ESE-trending dike (Thomassen et al., 2014). The Klitdal Member is overlain by the Upper Triassic 
Gipsdalen Formation, characterized by gypsiferous sandstones and mudstones and a unit of limestones 
and dark mudstones. This formation hosts fine-grained disseminated Pb-Zn-Cu sulfides as well as Cu 
sulfides as replacement of plant fragments (Harpøth et al., 1986; Thomassen, 2012; Thomassen et al., 
2014, 1982; Thomassen and Rink, 2013). Stromatolitic dolostones, sandstones and mudstones, 
overlain by sandstones and limestones make up the uppermost Triassic Fleming Fjord Formation. Two 
members of this formation present beds hosting fine-grained disseminated chalcocite and blebs and 
disseminations of native Cu, Cu arsenide and chalcocite (Harpøth et al., 1986; Thomassen et al., 1982). 
The Jurassic Kap Stewart Formation crops-out in the westernmost part of the area, characterized by 
sandstones and shales commonly containing pyrite. Minor iron skarns occur at the Tertiary sills contacts 
with the sedimentary sequence (Thomassen et al., 2014).  

The SkyTEM survey 

The SkyTEM survey carried out in 2013 for sedimentary-hosted Cu exploration in the Klitdal 
area, covers an area of 550 km2 and was flown along 300 m-spaced, E-W-oriented lines with a nominal 
terrain clearance of 30 to 40 m (SkyTEM Surveys ApS, 2013). Additional infill lines were flown over 
three areas of particular interest along 150 m-spaced lines of different orientations: in northern Klitdal 
and at the Copper Creek and Ice cave localities.  

In the SkyTEM setup, the entire acquisition system is carried as a sling load below the 
helicopter and consists of a central loop on which are mounted the transmitter and receiver coils. This 
configuration ensures very low coupling responses from the conductive parts of the helicopter 
(Sørensen and Auken, 2004). The receiver system is fixed within a rudder at the rear of the loop, 
avoiding variations in the transmitter–receiver separation. The transmitter of the SkyTEM system 
allows performing the survey with a dual-moment configuration; i.e., the transmitter coil is segmented 
so that the current runs: (a) one turn only around the loop with a low current peak of 9.2 A to create 
a low magnetic moment (LM); and (b) eight turns around the loop with a high current peak of 115.3 A 
to produce a high magnetic moment (HM) (SkyTEM Surveys ApS, 2013). The current waveform in 
the transmitter approximates a square wave with a frequency of 225 Hz and a duty cycle of 36 % for 
the LM and a frequency of 25 Hz and a duty cycle of 25 % for the HM. The voltage resulting from 
the secondary field is measured in the early off-time over 22 gates from 12.43 s to 1 945 s for the 
LM whereas the HM voltage is recorded in the late off-time over 21 gates from 119.43 s to 14 686 s. 
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The LM configuration therefore allows a sharp turn-off and an earlier record of the secondary field, 
and permits well resolving early and near surface conductors while the HM configuration allows a 
greater depth of investigation.  

The data were processed by SkyTEM Aps (SkyTEM Surveys ApS, 2013)  consisting in 
the stacking/averaging of the data, their normalization by the magnetic moment and the receiver coil 
area  their filtering based on the signal level and time gates and their resampling to 10 Hz (equivalent 
to a spatial sampling of c. 4 m along the flight lines). The remote location of the area prevents the 
data from being affected by cultural noise. The data were inverted by SkyTEM Aps (SkyTEM 
Surveys ApS, 2013) using a laterally-constrained, 1D-layered-Earth inversion scheme (Auken et 
al., 2014, 2005). The important and widespread presence of negative transients in the data, 
illustrated in Figure 2b and c), suggested the presence of IP effects and selected lines containing IP 
affected-data in the most prospective areas were further inverted for Cole-Cole parameters (Pelton 
et al., 1978) by Aarhus Geophysics Aps (Aarhus Geophysics Aps, 2014). 

Extracting numerical parameters describing the response curve 

Ten numerical parameters representing the shape and the amplitude of the TEM response 
curve are extracted and calculated from both the LM and HM SkyTEM data. For this, only off-time 
measurements are considered in the analysis. To reduce the random noise that may affect the data, the 
decay curves were smoothed using a running mean convolution filter applied along the flight lines 
over 345 points (c. 1 km) and 65 points (c. 200 m) to the HM and LM data, respectively.  

The parameters comprise: (1) the first negative value, (2) the gate of the first negative value, 
(3) the sum of all negative values, (4) the number of consecutive gates with negative values; (5) the
minimum negative value, (6) the gate of the minimum negative value, (7) the maximum descending
slope, (8) the gate of the maximum descending slope, (9) the maximum ascending slope, (10) the gate
of the maximum ascending slope (Figure 1).

Self-Organizing Maps procedure 

The SOM use a type of neural network algorithm developed by Kohonen (2001) for easy 
visualization and analysis of multivariate data. The SOM may be viewed as a two-dimensional grid 
onto which multi-dimensional input data are projected or mapped from a multi-dimensional space 
(the space dimension is equal to the number of input variables) containing all the geographically 
distributed data characteristics from the transient curves. Input data that are similar to each other, 
irrespectively of their geographic location, are represented by a Best Matching Unit (BMU) vector 
and are mapped to the same or adjacent position in the SOM. A standard k-means clustering procedure 
applied to the BMU of the SOM grid is used to perform yet another simplification for easy 
visualization. Data belonging to a particular cluster in the SOM data space can afterwards be mapped 
into the geographical space. The SiroSOM software distributed by the CSIRO (Fraser and Dickson, 
2007) was used for the SOM analysis.  

Not all decay curves contain negative values and the input data to the SOM therefore contain 
dummies, which can be handled by the SOM. Furthermore, as the data contain values of different 
ranges and orders of magnitude, the values and slopes (data types 1, 3, 5, 7, 9) as well as the time gates 
numbers (data types 2, 4, 6, 8, 10) were normalized by their variance or by their range, respectively. 
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Data at every 8th measurement point; i.e. every 18 m along the flight lines were input to the 
SOM, representing a total of 129 738 data points. Each data point is characterized by its location 
parameters (x, y, z), excluded from the analysis and by the 20 decay curve parameters (10 for LM and 
HM). Hence, the SOM performs the analysis of 2 594 760 data which will be represented on a SOM 
grid of 80 x 74 cells.  

SOM results: component maps  

 

Figure 3. Component maps corresponding to each input parameter to the SOM. All maps use the same space 
representation with colorscale representing the values of the data represented in each cell of the SOM. The 
color scale of the U-matrix indicates the unitless Euclidian distance between the data plotted in adjacent cells of 
the SOM. Similar colors in the background of the component names indicate their correlation. Slopes are 
calculated with voltage values in pV/A.m-4 and time values in seconds.  
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Figure 3 presents the 20 component maps of the SOM analysis of the decay curves and the 
unified distance matrix (U-matrix; Ultsch and Vetter, 1994) which represents the Euclidian distance 
between data represented in adjacent cells. The component maps display in the SOM space the values 
of each decay curve parameter which was input to the SOM. Cells located at the same place in the 
component maps represent similar data. Therefore one can evaluate the decay curve characteristics for 
each cell of the SOM. It appears from the SOM results that some parameters are correlated, positively 
or negatively to each other (component maps with the same background name color in Figure 3). 
Indeed in the LM, all components except the number of gates of consecutive values are positively or 
negatively correlated to some degree. In the HM data, the first negative value, minimum value, sum 
of negative values and maximum ascending slope are correlated. The gates of first negative value, 
minimum value, maximum ascending slope and the number of gates of consecutive negative values 
are also positively or negatively correlated. However, components between the LM and HM data are 
in general poorly to not correlated. 

SOM results: defining decay curve patterns 

K-means clustering (Lloyd, 1982; Xu and Tian, 2015) was performed on the SOM results. The
appropriate number of clusters is chosen based on the dimensionless Davies-Bouldin index (Davies and 
Bouldin, 1979). The lower the index, the better is the classification and in this case, the index presents 
a local minimum of 0.78 for a data separation into eight clusters. Figure 4 shows the 8 k-means clusters 
in the SOM space. These clusters define transient curve patterns which characteristics can be viewed 
by comparing the same cells between Figure 4 and the parameters values on the component maps in 
Figure 3. The clusters can be further classified into four groups based on their association with 
geological features (see next section). 

Figure 4. The eight k-means clusters in the SOM data space (80x74 cells grid). The dashed lines separate four 
groups of clusters based on the response curve pattern they represent and on the geological units they are 
correlated with. 

Spatial analysis of the SOM

In Figure 5, the clustered data are plotted back into the geographical space using the same color 
code than in the Figure 4. In the following paragraphs, correlations between the transient curve 
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characteristics of the clustered data and the geological features in the area are discussed using references 
to the components maps displayed in Figure 3 as “LM” and “HM” followed by numbers in brackets. 

Salt water and loose sediments 
Data from cluster 3 (group a in Figure 4) occur in both heads of the fjords bounding the Klitdal 

area to the north and to the south, as well as in the Klitdal river bed (Figure 5a). Transient curves in 
both LM and HM data are mainly characterized by very steep descending slopes in very early times 
and by the absence of negative values or very rarely, by small negative values at late gates (LM and 
HM [7, 8, 3]). These transient curves may reflect very high conductivities associated to loose 
quaternary sediments which pores are filled with saline water.  

Crystalline basement 
Clusters 4, 5 and 6 (group b in Figure 4) are mainly associated with exposed crystalline 

basement and with two outcrops of Jurassic sedimentary rocks in the western part of the area (Figure 
5b). The transient curves of these clusters have distinctive characteristics in the LM data with very early 
minimum and negative values (LM [1, 2, 5, 6]), steep ascending slopes in the early times (LM [9, 10]) 
due to the presence of early negative values, quickly becoming positive (LM [4]). Among them, data 
belonging to the cluster 6 display the most minimum values with an average of -36.8 pV/A.m-4 and 
data from cluster 5 display the least pronounced negative transients. The transient curve characteristics 
of these clusters in the HM data are less homogeneous, but generally also present early negative and 
minimum values but of very low amplitude (-0.034 pV/A.m-4 in average for cluster 6) (HM[1, 2, 5, 
6]).  

No correlation could be established between the different clusters of this group and the 
lithology of the exposed basement. The cluster 5 is however, also represented in exposed sedimentary 
rocks and exactly coincide with two outcrops of Jurassic rocks, in the northwest and in the southwest 
of the area. Contrary to the data associated with other sedimentary rocks, in the LM, the transient 
curves start at smaller voltages and display a first local positive minimum before reaching small 
amplitude negative values at early to mid- gates and returning to positive transient. The presence of 
shales often containing pyrite, and subordinate coal within the Jurassic sedimentary formations is a 
possible explanation for the disharmony observed in the decay curves that may reflect the presence of 
IP effects in the data measured over these formations.  

Clusters 4, 5 and 6 reflect quickly decaying voltages, some of which become negative even 
before the beginning of the recording in the off-time. They reflect the rapid loss of energy of the eddy 
currents within resistive material. Results from Cole-Cole inversion of the SkyTEM data in the 
Copper Creek area recovered a very high resistivity and low chargeability for the crystalline basement 
(>  100 mV/V; Aarhus Geophysics Aps, 2014). 

Sedimentary rocks 
Clusters 2 and 8 (group c in Figure 4) are mainly found in areas where sedimentary formations 

crop-out (Figure 5c). In both HM and LM data, they are characterized by a late arrival of negative 
values of low amplitude, and therefore very little consecutive gates with negative values (LM and HM 
[1, 2, 4] in Figure 3), which may be explained by the signal being below noise level in the late gates. 
Furthermore, some of the data from the cluster 8 also display early steep descending slopes (LM[7, 8]). 
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Figure 5. SkyTEM data points plotted with colors representing the clustering of the SOM results (see Figure 
4), displayed on the simplified geological map and shaded relief of the terrain model in the Klitdal area. 
(a) clusters of group a associated with fjords heads and river beds; (b) group b associated with exposed crystalline
basement; (c) group c associated with exposed sedimentary rocks; (d) group d representing the strongest IP
effects. Black line: contour of the SkyTEM survey; red and blue boxes locate Figure 6 left and right, respectively.
Faults from Guarnieri et al., (2017). Circled numbers: locations described in the text.

Areas affected by strong IP effects 
Finally, clusters 1 and 7 (group d in Figure 4) occur in four areas: northern Klitdal, 

northwestern Klitdal, central and southern Klitdal (locations 1, 2, 3 and 4, respectively, in Figure 5d). 
They characterize the strongest observable IP effects mainly manifesting in the HM data by very early 
negative values of high amplitude that remain negative over many of consecutive gates (HM [1, 2, 4] 
in Figure 3). In average, for cluster 7, minimum negative values in the HM data are of -1.4 pV/A.m- 4 
and occur in the first gate after turn-off; i.e. about 120 μs. Although the LM data of these clusters also 
show several gates of consecutive negative values (LM[4]), the LM do not seem as characteristic of the 
strong IP effects as the HM data. 
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(1) Northern Klitdal
In northern Klitdal, cluster 1 occurs over crystalline basement and Triassic Klitdal Member 

arkoses and conglomerates, near N-S and NE-SW-trending faults, and coincide with NW-SE-
trending dikes and a sill mapped from magnetic data (location 1 in Figure 5d and Figure 6 left; Brethes 
et al., 2018). This area is mineralized with pyrite and Cu-Pb sulfides assaying up to 6.2% Cu, 233 ppm 
Ag and 12.0% Pb in grab samples, associated with a clay-altered brecciated granite where malachite 
also occurs in joints and fractures. (Thomassen et al., 2014; Thomassen and Rink, 2013).  

(2) Northwestern Klitdal
In northwestern Klitdal, cluster 1 and few occurrences of cluster 7 are arranged along a N-S 

trend where sedimentary rocks of the Fleming Fjord Formation crop-out (location 2 in Figure 5d and 
Figure 6 left). In this area, a sill intruding both conformably and uncomformably in the stratigraphic 
sequence was mapped from aerial photos and magnetic data (Figure 6 left; Brethes et al., 2018). The 
strongest IP effects represented by cluster 7 occur in the center of the southern part of the trend.  

(3) Central Klitdal
In central Klitdal, the strongest IP effects coincide with (a) the exposure of Middle Triassic 

sedimentary rocks of the Klitdal Member and the base of the Gipsdalen Formation in Copper Creek 
almost within the entire area shown in Figure 6 right; and (b) with the base of the Fleming Fjord 
Formation close to the Ice Cave locality (Figure 6 right). In both cases, one can note a symmetry in 
the clusters distribution, with the cluster 7 representing decay curve patterns with the strongest IP 
effects in the center, surrounded by cluster 1 associated with milder effects.  

The locations of the strongest IP effects detected using the SOM procedure are in accordance 
with results from Aarhus Geophysics Aps. (2014) who inverted a few SkyTEM lines at the Ice Cave 
and Copper Creek localities. In Copper Creek, chargeable bodies (> 300 mV/V; Aarhus Geophysics 
Aps, 2014) coincide with exposures of the Klitdal Member and of the Gipsdalen Formation. In this 
area, native Cu and Ag was observed in granitic clasts of the Klitdal Member conglomerate, along with 
disseminated Pb-Zn-Cu sulfides in beds the Gipsdalen Formation (Harpøth et al., 1986; Thomassen, 
2012; Thomassen et al., 2014, 1982; Thomassen and Rink, 2013). Furthermore, the sedimentary 
sequence is crosscut by NW-SE and E-W-trending dikes at the vicinity of which alteration and mineral 
zonation occur (Thomassen et al., 2014). Although no mineralization was observed in the cores of the 
three holes (CC1, CC2 and CC3; Figure 6 right) drilled where the IP effects occur, fine-grained 
sulfides disseminated within the the Klitdal Member and lowermost part of the Gispdalen Formation 
may be the cause of these IP effects.  

At the Ice Cave locality, copper mineralization was observed in arkoses and conglomerates of 
the Klitdal Member in outcrops affected by intense clay-alteration making the outcrops soft and 
crumbling (Thomassen et al., 2014). No strong IP effect was detected at this exact location using the 
SOM method, but strong IP effects were identified immediately to the southwest of the hole IC2, 
which however, did not intercept visible mineralization (Stelter, 2014). These strong IP effects 
coincide with the exposure of the base of the Fleming Fjord Formation (Figure 5). Inversion results 
from SkyTEM lines located about 2.5 km to the northeast of the hole IC2 indicate a conductive and 
chargeable layer (~100  mV/V; Aarhus Geophysics Aps, 2014) at the base of the Fleming 
Fjord Formation. Disseminated Cu sulfides are known to occur in this layer with a lateral persistency 
over 1000 km2 (Harpøth et al., 1986) and may be the cause of the strong IP effects mapped with the 
SOM. 
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Figure 6. Data points from cluster 1 (pink) and cluster 7 (purple) associated with strong IP effects. (left) 
in northern and northwestern Klitdal area (located by  red box in Figure 5), displayed over the first-order 
vertical derivative of the reduced-to-pole magnetic field of the SkyTEM survey, upward-continued to 50m; 
(right) in central Klitdal (located by blue box in Figure 5), displayed over geology. eology legend 
in Figure 5.  

(4) Southern Klitdal
In southern Klitdal, a N-S-elongated stripe of strong IP effects represented by clusters 1 and 7 

occur coinciding with exposures of rocks of the Klitdal Member partly covered with sills. 
Two NW-SE-trending dikes mapped from aeromagnetic data crosscut this area (Figure 5d; Brethes 
et al., 2018). At this location, strong alteration contact with malachite staining w  observed in the 
Klitdal  arkoses (Thomassen et al., 2014). 

Discussion 

Induced Polarization effects in the SkyTEM data are widespread in the Klitdal area but they 
manifest in different ways depending on the geological material over which the data are acquired. In 
conductive environments, such as sedimentary rocks, negative transients are generally observed at very 
late gates, if observed at all. However, negative transients associated to the very resistive crystalline 
basement or more resistive sedimentary rocks appear in very early times in the LM data. The 
omnipresence of these IP effects may suggest an influence from permafrost. However, the strong IP 
effects identified in northern, northwestern, central and southern parts of Klitdal, which exhibit early 
negative values in the HM data and very small negative values at mid to late gates in the LM data, are 
interpreted to be caused by other sources. In northwestern and southern Klitdal, as well as 

 locations in northern Klitdal, the IP effects seem correlated with the presence of basaltic and 
doleritic dikes and sills. Basalts are known for giving above-background IP responses 
(Sumner, 1976). 
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Furthermore, the strong clay alteration often found at their host rock contact may also add to the 
polarization effect observed. However, these areas should not be excluded for mineral exploration as 
they are often associated with mineral occurrences as observed in southern and northern Klitdal, as 
well as in Copper Creek. In northern and central Klitdal, the strong IP effects detected with the SOM 
coincide with structural features and sedimentary layers hosting sulfide mineralization, respectively

 sulfide source is favored for these IP effects. However, the presence of intense clay-
alteration in these areas cannot preclude clays as origin of the IP effects.  

Conclusion 

The SOM analysis of parameters describing the TEM response curves showed to be an easy 
way to map and characterize IP effects in TEM data, as well as to identify strong IP effects from noise 
in the data. The spatial correlation of transient curve patterns with geological features also allows 
discussing the possible sources of IP effects. The SOM analysis therefore provides an easy way to 
perform a first interpretation of the TEM data before proceeding to advanced quantitative 
interpretation procedures such as data inversion. The inclusion of other parameters such as the voltage 
values for different time gates, tau values, or even other types of data such as magnetic data would 
allow going further in the data interpretation. Other multi-variate analysis methods and unsupervised 
data reduction and classification procedures should also be tested.  
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