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SUMMARY 

The Cretaceous and Triassic argillaceous rocks from the passive margin of Greenland have 

been investigated in order to detect the thermal aureole of magmatic intrusions, ranging from 

metric dyke to kilometric syenite pluton. Rock-Eval data (Tmax generally <468 ◦C), vitrinite 

reflectance data (R0 < 0.9 percent) and illite cristallinity data (ICI > 0.3), all indicate a 

maximum of 5km burial for the argillaceous rocks whatever the distance to an intrusion. The 

K–Ar dating of the clays <2µm fraction suggests that illites are mostly detrital, except near 

magmatic intrusions where younger ages are recorded. To get more information about the 

extent of the thermal aureole, rock magnetism data were determined. At distance away from 

the thermal aureole of the syenite intrusion, Triassic argillaceous rocks reveal a standard 

magnetic assemblage compatible with their burial (R0 ∼ 0.4 percent). It is constituted 

essentially by neoformed stoichiometric magnetite (Fe3O4). In contrast, within the thermal 

aureole of the magmatic intrusions, the Cretaceous argillaceous rocks contain micron-sized 

pyrrhotite (Fe7S8), firmly identified through the recognition of Besnus transition at 35K. The 

thermal demagnetization of natural remanence carried by this pyrrhotite shows a diagnostic 

‘square shouldered’ pattern, indicating a narrow grain size distribution of pyrrhotite. The 

extension of this diagnostic pyrrhotite maps a ∼10-km-thick aureole around the syenitic 

pluton. Away from this aureole, the magnetic assemblage is diagnostic of those found in 

argillaceous rocks where organic matter is mature. 

Key words: Magnetic mineralogy and petrology; Continental margins: divergent; Pluton 

emplacement; Arctic region. 

1 INTRODUCTION 

Sediments intruded by a magmatic body potentially develop an 

aureole with minerals associated with the intrusion’s thermal 

field. These neoformed minerals could serve as proxies for a 

progressive burial of these host rocks (Bishop & Abbott 1995). 

Alternatively, identification and characterization of these 

minerals can help describe hidden thermal aureoles that might 

have some impact on the oil generation in source rocks. Focusing 

strictly on magnetic minerals of rocks that consist mostly of clay-

type minerals (mudstones, claystones and siltstones), varied 

studies have connected the occurrence of iron oxides (magnetite 

and hematite) or iron sulphide (pyrrhotite) with the description 

of thermal aureoles (Katz et al. 1998; Gillett 2003). The 

conditions at which these mineral formed depend on the fugacity 

of oxygen and sulphide that prevailed when the thermal aureole 

developed (Gillett 2003). 

It is also known that iron sulphides and iron oxides form during 

burial (Brothers et al. 1996; Cairanne et al. 2004; Moreau et al. 2005; 

Kars et al. 2012). For instance, Aubourg et al. (2012) have defined 

the contours of a magnetic diagenesis consisting of three successive 

magnetic windows in which greigite, magnetite and pyrrhotite 

formed. Greigite forms in the anoxic subsurface up to several tens of 

metres (Roberts et al. 2011), being even the predominant magnetic 

mineral, and issues from the detrital iron oxides that were altered and 
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dissolved due to bacterial activity. Crystallizing at depths of about 

2km (Kars et al. 2012), magnetite is nanometric in size with 

concentration of about tens of parts per million volume (ppmv). 

Micron-size pyrrhotite (Fe7S8) forms to depths of 

about8km(Rochette1987;Crouzetetal.1999;Schilletal.2002).It might 

also be added that these neoformed minerals coexist in ranges of 

depths that are still under debate. Greigite becomes unstable at 

temperatures above 200 ◦C, which corresponds to a burial >8km 

(Roberts et al. 2011). Magnetite is consumed during the formation of 

micron-sized pyrrhotite and may disappear at depths >12km. 

Although most of magnetic minerals are dissolved during early 

diagenesis, the input of residual detrital magnetic minerals, such as 

magnetite(Robertsetal.2012)andmetamorphic-derivedpyrrhotite 

(Horng et al. 2012) can disrupt this magnetic diagenetic pattern. 

In the Cretaceous argillaceous sediments from the west Greenland 

volcanic margin, Abdelmalak et al. (2012) identified an assemblage 

with greigite, nano-sized pyrrhotite, magnetite and goethite. They 

also suggested two magnetic zonations that they related to maturation 

of hydrocarbons. In the argillaceous rocks containing mature 

hydrocarbons (depth >3km), they identified magnetite and nano-

sized pyrrhotite. Abdelmalak et al. (2012) took care of their sampling 

collection, avoiding as much as possible thermal aureoles that result 

from the intrusion of metric (dykes and sills) to kilometric-size 

(pluton) magmatic intrusions in the west Greenland sediments. Their 

rock magnetic investigation did not reveal anomalies that could have 

resulted from such magmatic intrusions. Since the locus of greigite 

and magnetite agrees with the magnetic windows proposed by 

Aubourg et al. (2012) for the magnetic zoneography of diagenetic 

sediments, it appeared of interest to study a thermal aureole resulting 

from intrusion of a magmatic body into shallow sediments in order 

to compare the distribution of the magnetic authigenic oxides. 

So, as a complementary study of both Abdelmalak et al. (2012) 

and Aubourg et al. (2012) works, argillaceous rocks within the 

thermal aureole of kilometric and metric magmatic intrusions from 

the Eastern volcanic margin of Greenland were examined. A 

magnetic mineralogy study was designed to check possible variations 

in the pattern of magnetic diagenesis. To control the thermal 

expansion of the halo intrusion, the maturation of the organic matter 

and mineral composition of the clay fraction were also evaluated. The 

fine fractions of clays (<2µm) were also dated by the K–Ar method. 

Overall, the evidence of organic matter and clay indicate that the 

burial of argillaceous series was less than 5km, without 

demonstrating clearly a thermal perturbation or chemical intrusion in 

the halo. In contrast, analysis of magnetic data shows that micron-

sized pyrrhotite develops in argillaceous rocks, which are presumably 

in the heat halo due to pluton intrusion. 

2 GEOLOGICAL FRAMEWORK 

2.1 Geodynamic evolution of the NE Atlantic province 

The NE Atlantic area (Fig. 1) is known to have had a complex 

structure and evolution. Following the Caledonian orogeny and 

throughoutthePalaeozoicandMesozoictimes,theweaklithospherel

ocated between the Greenland and European cratons suffered 

episodic periods of extension and thinning followed by long-term 

thermal subsidence and sedimentation. The maximum of 

stretching/thinning occurred at the transition between Jurassic 

and Cretaceous (ScheckWenderoth et al. 2007). This complex 

evolution contributed to build a complex rift system in the NE 

Atlantic with, locally, extreme crust 

thinning.TheKTboundarywascharacterizedbyatransientregional 

uplift (Dam et al. 1998). During the Palaeocene epoch (i.e. 

∼C27– C26 magnetochrons), large volumes of mafic magma 

intruded the NE Atlantic and continental crusts, and extruded as 

flood basalts. In both the Baffin Bay and NE Atlantic, the 

breakup and earliest oceanic accretion occurred during the 

Eocene time (Chron 24B, age 
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Figure 1. Simplified tectonic map of the Greenland and Norwegian seas. The box localizes the Fig. 2. Three main stages of magnetic anomalies are indicated. RR, 

Reykjanes Ridge; KR, Kolbeinsey Ridge; MR, Mohn Ridge; WJMFZ, West Jan Mayen Fracture Zone; VB, Voring Basin. 

 

Figure 2. Simplified geological map (redrawn from Stemmerik et al. 1997). The stars indicate the localization of the studied sites. Maturity data from Jameson 

Land and from Devonian (http://www.geus.dk/publications/review-greenland-01/gsb191p117–125.pdf) are reported. The Tmax values are from Krabbe (1996). 

The iso-values of vitrinite are from Hansen et al. (2001). The localization of cross section from Fig. 3 is indicated (A–A). 

http://www.geus.dk/publications/review-greenland-01/gsb191p117--125.pdf
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of the earliest oceanic magnetic anomaly at 55–57 Myr). 

Anomalous mantle melting continued during the breakup process 

although mainly focused along the breakup axes, leading to the 

development of volcanic passive margins. 

The studied area includes the islands of Traill Ø and Geographical 

Society Ø, being collectively called TGS, and the Hold-withHope 

peninsula called hereafter HWH (Figs 1 and 2). The TGS and HWH 

represent the inner part of the NE Greenland volcanic margin 

(Schlindwein & Jokat 1999; Gernigon et al. 2004). From Late 

Palaeozoic to the end of the Mesozoic, TGS and HWH constituted 

the western edge of the NE Atlantic network of sedimentary rifts and 

basins. From west to east, the onshore-exposed rocks of TGS and 

HWH consist in a thick pile of Devonian/Lower Carboniferous 

(Hartz et al. 1997) to Upper Cretaceous sediments. The different 

sedimentary formations are bound by a system of eastward dipping, 

NNE–SSW-trending normal faults of different ages (Price et al. 

1997; Fig. 3). Devonian to Jurassic sediments are mainly proximal 

continental sandstones, whose deposition seems to have been partly 

controlled (both during rifting and post-rifting periods) by a major 

boundary fault (Fig. 3; Surlyk et al. 1980). The Cretaceous 

(essentially Albian to Cenomanian) is predominantly made of dark 

laminated argillaceous rocks since Aptian time, with a cumulated 

thickness apparently not exceeding 1700 m (Surlyk et al. 1980). 

During the Palaeocene–Eocene period, the NE Greenland basin 

was covered by traps and extensively intruded by mafic sills and 

dykes (Price et al. 1997). Most of the sills penetrated Cretaceous 

argillaceousrocks,likeintheVoringBasin(Gernigonetal.2004).A 

vertical section of ∼800 m observed in the southern part of Traill Ø 

shows Triassic, Middle Jurassic and Cretaceous sedimentary rocks 

extensively intruded by dykes and sills (Fig. 4a). 

The post breakup magmatic and tectonic activities of the NE 

Greenland basin (Upton et al. 1980; Price et al. 1997; Ellam et al. 

1998)areperhapscorrelatedwiththeonsetoftheKolbeinseyRidge, the 

split of the Jan Mayen block and the functioning of the western Jan 

Mayen fracture zone (Fig. 1; Bott 1987; Scott 2000). Otherwise, it is 

a thermal residual of the former development of asthenospheric 

diapirs or small-scale convection cells inherited from the main 

Palaeocene–Eocene mantle melting event (Geoffroy et al. 2007). 

This event is associated with the emplacement of the alkaline magma 

at the Kap Simpson, Kap Parry and Myggbugta central complexes 

about ∼36 Myr (Fig. 2; Upton et al. 1980; Price et al. 

1997). 

2.2 Burial constrains 

Thomson et al. (1999) proposed several stages of cooling for Traill 

Ø, based on apatite fission tracks and vitrinite data (Fig. 2a). In 

western Traill Ø, they identified a pre-Cretaceous cooling stage 

between 225 and 165 Myr closely related with unconformities 

observed within the Jurassic section. Burial temperature before this 

cooling event did not exceed ∼140 ◦C. The authors also reported a 

second cooling event between 40 and 30 Myr that was 

contemporaneous with the Oligocene alkaline magmatic activity. To 

explain the cooling, Thomson et al. (1999) favoured a transient 

thermal uplift in response to the passage of the Iceland plume 

between 40 and 30 Myr. However, they do not exclude basin-scale 

hydrothermal circulations in relation with setting of the Oligocene 

intrusions. A broad range of burial temperatures was also considered 

before this second cooling event, ranging from 170 ◦C near syenite 

intrusives to ∼100 ◦C or so away from them. A third stage of cooling 

was set during the late Tertiary (10 to 5 Myr), which may correspond 

to the major episode of Tertiary exhumation, with burial temperatures 

before cooling below 100 ◦C. From this data set, one can consider that 

most of the Carboniferous to Jurassic rocks experienced modest 

temperature, within the oil window (<150 ◦C; Fig. 3). South of Traill 

Ø in the Jameson Land, the Tmax data derived from RockEval pyrolyse 

of the Kap Stewart Formation (Upper Triassic–Lower Jurassic) are 

homogenous (440–446 ◦C) pointing to an early maturation stage (Fig. 

2; Krabbe 1996; Mathiesen et al. 2000; Hansen et al. 2001). 

However, vitrinite reflectance data indicate a slight positive gradient 

of temperature towards the north of Jameson Island (Fig. 2). Hansen 

et al. (2001) emphasized particularly this trend on the basis of fission-

track data. They envisaged that the temperature did not exceed 70 ◦C 

in the Permian-Triassic rocks of southern Jameson Land, while it was 

above or close to 125 ◦C in the northeastern Jameson Land. The age 

of apatite partial annealing zone is getting younger, from ∼45 to ∼16 

Myr along a S–N transect from eastern Jameson Land to Traill Ø 

(Fig. 2). Fission tracks from Traill Ø and Jameson Land both suggest 

a slight elevation of temperature towards the syenitic pluton. 

3 SAMPLING 

In the studied area, the shallow marine Middle-Jurassic 

sandstones or Triassic clastics are uncomfortably overlain by 

hundreds of metres of Cretaceous argillaceous rocks (Fig. 3; 

Surlyk et al. 1980; Stemmerik et al. 1997). The Lower 

Cretaceous sequence (AptianAlbian) consists of deepwater dark 

laminated argillaceous rocks with a maximum thickness of 950 

m. The upper Cretaceous sequence reached more than 700 m in 

thickness with facies of the same type as in the lower Cretaceous. 

Sixteen samples of Cretaceous argillaceous rocks were collected 

for the TGS study, 11 sites on Traill Ø and 5 sites on 

Geographical Society Ø. Two additional sites of Triassic age 

were studied at HWH, close to the Cretaceous boundary (Fig. 2, 

 

Figure 3. Cross section A–A from Fig. 2 (redraw from Thomson et al. (1999). Sites (in circle) and maximum burial temperatures are from Thomson et al. 

(1999) study. The location of the sites from this study is shown (black stars, approximate location, grey stars: projected location). 



 Thermal aureole of a magmatic intrusion 5 

Table 1). Many sills and dykes intruded this stratigraphic 

sequence (Fig. 4). In the field, no significant disturbance of the 

argillaceous rocks could be observed, except in the first 

millimetre of the quench contact. In order to evaluate the 

potential imprint of the volcanic intrusions, several samples were 

taken up to 3 m away from a 1-m-thick dyke (9SD site, Traill Ø). 

In addition, at the 6S locality (Traill Ø), samples were collected 

few metres within the hanging wall of a thick sill dipping to the 

west (Fig. 4b). At the 8S locality (Traill Ø), the sampled 

Cretaceous argillaceous rocks were taken at about 10 m away 

from metric sills. Sites 4S and 6S (Traill Ø) are located at ∼5km 

from Kap Parry 36-Myr-old syenite (Fig. 2). Triassic sandstones 

at sites 16S and 17S are overlain by ∼100 m of Cretaceous 

argillaceous rocks and Palaeocene flood basalts. 



6 C. Aubourg et al. 

 



 Thermal aureole of a magmatic intrusion 7 

Figure 4. (a) ∼800 m stratigraphic section from Permo-Triassic to Cretaceous. See location of photo on Fig. 2. Most of the Palaeocene–Eocene sills were 

injected within the Cretaceous argillaceous rocks. This stratigraphic pile is dissected by normal faults of various ages, some being contemporaneous of the 

Cretaceous deposition. (b) Near site 6S, where a large sill intruded the Cretaceous argillaceous rocks. 

Table 1. Location (latitude, longitude) of the studied sites, Rock-Eval and vitrinite data (Tmax, ◦C; TOC, total organic contents; R0, percent with standard 

deviation at 95 percent). Palaeomagnetism. Natural remanent magnetization (NRM) with its standard deviation at 95 percent. Drop of magnetization at 

350 ◦C, near the Curie temperature of pyrrhotite. 

   Rock-Eval Vitrinite  Palaeomagnetism 

Site Latitude Longitude Tmax (◦C) TOC (per cent) R0 (per cent) SD NRM (A m–1) SD Per cent 350 ◦C 

1S N72  W23      1.9E-02 2.7E-02 78 

2S N72  W23  418 0.69      

3S N72  W23      1.8E-01 3.0E-01 82 

4S N72  W22      4.6E-02 2.7E-02 96 

5S N72  W22      2.0E-02 1.9E-02 79 

LG N72  W22         

6S N72  W22      1.2E-01 1.6E-01 70 

7S N72  W22      1.0E-02 1.1E-02 95 

8S N72  W22  600 0.37   8.8E-03 2.6E-03 82 

9S N72  W22  468 0.79 0.3 0    

9SD1-5 N72  W22  502 0.71      

9SD2-20 N72  W22  500 0.1      

9SD3-100 N72  W22  500 0.09      

9SD4-10 N72  W22  500 0.16      

9SD5-300 N72  W22  495 0.1      

10S N72  W22         

11S N72  W22  365 0.11   5.2E-03 3.4E-03 66 

12S N72  W22         

13S N72  W23      1.4E-03 2.0E-03 45 

14S N72  W23      1.4E-03 4.2E-05 51 

15S N73  W23  468 0.78   2.1E-03 1.5E-03 66 

 N73  W22  465 0.46 0.9 0.2    

16S N73  W22  435 1.57 0.4 0.1 9.1E-03 8.1E-03 24 

   432 0.99      

   439 2.89 0.5 0.2    

17S N73  W22  439 9.66 0.4 0.1 9.7E-02 2.7E-02 80 
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4 METHODS 

4.1 Magnetic mineralogy 

The temperature dependency of remanence is probably the best mean 

to identify trace amounts of magnetic minerals. The main typical 

features of the two main minerals, namely magnetite and pyrrhotite, 

are displayed here. At high temperature (from room temperature to 

600 ◦C), the maximum unblocking temperature at which magnetite 

and pyrrhotite lose their remanent magnetization is ∼580 and ∼320 
◦C, respectively (Dunlop 1995). At low temperature, from room 

temperature to tens of Kelvin (27 to –263 ◦C), two diagnostic 

transitions at 35K (Besnus transition) and 120K (Verwey transition) 

allow identification of pyrrhotite (Dekkers et al. 1989; Rochette et al. 

1990) and stoichiometric magnetite (Ozdemir¨ et al. 2002), 

respectively. Here, the combination of high- and lowtemperature 

dependency of remanent magnetization is used to control the 

occurrence of both, pyrrhotite and magnetite. 

The natural remanent magnetization (NRM) and isothermal 

remanentmagnetizationacquiredatroomtemperature(IRM)arethermal

ly demagnetized using a home-made furnace shielded against Earth 

magnetic field. NRM and IRM are measured using a JR6 spinner 

magnetometer (Agico-Ltd). The IRM is imparted according to 

Lowrie’s method (1990) along three directions of a standard 10-cc 

core (Z at 2.1 Tesla (T), Y at 0.5 T and X at 0.1 T). Non-oriented cores 

of 10.8 cc of Cretaceous and Triassic argillaceous rocks are measured 

(53 cores for NRM, 2 cores for IRM). 

The evolution of saturated isothermal remanent magnetization 

acquired at room temperature or low temperature from 300 to 5K is 

monitored. SIRM is acquired at room temperature (RT-SIRM) or at 

low temperature (LT-SIRM) with the application of a magnetic field 

of 2.5 T. Low-temperature procedures are standard and are described 

for instance in Weaver et al. (2002). We used: (1) the RT-SIRM 

procedure, characterized by the cooling from 300 to 5K of an RT-

SIRM. In some samples, the warming curve was also monitored from 

300 to 10K after RT-SIRM cooling and (2) the LTSIRM procedure, 

characterized by the warming from 5K (or 10K) to 300K of a LT-

SIRM. A supra-conducting SQUID magnetometer MPMS was used 

and ∼400 mg of rock powder sealed in a gel cap were measured. 

4.2 Rock-Eval and vitrinite reflectance 

Total organic carbon content (TOC, in wt per cent), Tmax (◦C) and 

hydrogen index (HI, in mg hydrocarbons per g TOC) were 

determined by Rock-EvalR pyrolysis (Espitalie 1993) with an Oil 

Show´ Analyser device (Vinci Technologies, Nanterre, France). 

Tmax is the temperature at maximum pyrolytic hydrocarbon 

generation. It varies as a function of the natural thermal maturity 

of the organic matter (Espitalie 1986).´ 

Organic petrography analysis under reflected light and 

fluorescence was performed on polished sections of organic 

matter concentrated after densimetric floating. Identification of 

land-derived organic particles, that is, mainly from vitrinite and 

inertinite maceral groups, was made following the nomenclature 

of Stach et al. (1982). Random vitrinite measurements (R0 

expressed in per cent) were made on the same densimetric 

concentrates under reflected 

lightusinga×50oilimmersionobjective.Thirty-twomarlysamples 

were selected for Rock-Eval pyrolysis and 17 for maceral 

analysis 

andreflectancevitrinitemeasurements.Theprecisionfortheseanaly

ses is ±0.1 percent for TOC, ±2 ◦C for Tmax and ±0.08 percent for 

R0. 

4.3 X-ray and K–Ar analysis 

All samples were analysed by X-ray diffraction (XRD) as whole 

rocks and size fractions to determine their mineral composition. 

The analyses were carried out on a Brucker D5000 

diffractometer operated at 40 kV and 20 mA at a scanning rate of 

0.02◦ 2θ min–1 with CuKα radiation. The random powder patterns 

of the whole rocks were recorded from 2◦ to 65◦ 2θ. The samples 

were disaggregated by crushing rock chips of about 1 cm3 for 

about 2 min and by sieving the powders at 800 meshes. The 

carbonate components were removed by leaching the sample 

powders with cold 10 percent HCl. The <2µm fraction of all 

samples was separated by gravity settling in distilled water, and 

concentration of the separated fractions by centrifugation. All 

size fractions were analysed as oriented mounts prepared by 

smearing the slurries on glass slides. Four XRD 

diagramswereobtainedforeachsizefraction:afterair-drying(AD), 

ethylene-glycol (EG) and hydrazine (Hy) treatment, and heating 

(He) at 490 ◦C during 4 hr. The samples were scanned from 2◦ to 

30◦ 2θ for the AD and EG treated fractions and from 2◦ to 15◦ 2θ 

for the Hy and He treated fractions. The identification of the 

types of the illite-smectite mixed layers (I-S) was based on XRD-

pattern decomposition using the DECOMPXR program (Lanson 

1997) and on the procedures described by Moore & Reynolds 

(1997). The percentage of illite in I-S was determined by the 

position of the second and/or third reflections (near 10.3–8.9◦ 2θ 

and 16.4–17.8◦ 2θ, respectively) on the decomposed XRD 

patterns of the EG treated fractions. The relative abundance of 

the different clay types was estimated from peak area after peak 

decomposition of the different size fractions (Lanson & Besson 

1992). The Illite Crystallinity Index (ICI), also called ‘full width 

at half maximum’ (FWHM) was also determined. Based on the 

measurement of the width of the d001 XRD peak at half high it 

gives a good idea about the degree of crystallization of the illite-

type particles: the peak’s width decreases, when burial 

temperature increases (Kubler 1966; Frey 1987). In¨ fact, the 

decrease in width at half maximum that is to say in the 

crystallinity, relates to a decrease in expandability of the 

interlayer space of the smectite-type layers that incorporate 

progressively K to tend towards a non-expandable illite end-

member. 

The K–Ar determinations considered as exploratory were 

made on the <2 µm fractions using a procedure close to that 

reported by Bonhomme et al. (1975). Potassium was measured 

by flame spectrophotometry with an accuracy of ±1.5 per cent. 

For the Ar analyses, the samples were preheated under vacuum 

at 100 ◦C for at least 12 hr to reduce the amount of atmospheric 

Ar adsorbed on the mineral surfaces during sample preparation 

and handling. The results were controlled by repetitive analysis 

of the GL-O international standard, which averaged 24.99 ± 0.10 



 Thermal aureole of a magmatic intrusion 9 

× 10−6 cm3 g–1 STP (2σ) of radiogenic 40Ar for 4 determinations 

during the course of the study. The 40Ar/36Ar ratio of atmospheric 

Ar was also measured periodically and averaged 291.1 ± 2.2 (2σ) 

for six determinations during the course of the study. The usual 

decay constants were used for the age calculations (Steiger & 

Jager 1977), and the global error¨ was evaluated to be 

systematically better than 2 percent (2σ). 

5 RESULTS 

5.1 Magnetic mineralogy 

5.1.1 Thermal demagnetization of NRM and IRM 

The magnitude of NRM displays variations of three orders of 

magnitude (from 10−1 to 10−4A m–1, Table 1). Relationships between 

magnitude of magnetization and distance to magmatic intrusion were 

not clearly detected. The thermal demagnetization of NRM outlines 

three distinct behaviours of the samples that are labelled P, M and 

PM. As will be discussed further, P and M refer, respectively to 

pyrrhotite and magnetite. The drop of NRM at 350 ◦C for all 

samplesisindicatedinTable1.ForP-behaviour(observedforinstancein 

the 5S sample), the demagnetization process leads to the setting of a 

plateau between room temperature and ∼300 ◦C, which is followed 

by a significant drop (40–100 percent) at ∼350 ◦C (Fig. 5a, Table 1). 

For the PM-behaviour (17S sample for instance), a significant loss 

of magnetization is observed between room temperature and 350 ◦C 

(40–85 percent NRM), without development of a plateau as for the 

P-pattern (Fig. 5a). The maximum unblocking temperature ranges 

between 500 and 600 ◦C when interpolating the trend of the 

demagnetization curve. For the M-behaviour (15S sample), the 

pattern of NRM demagnetization curve is single with a convex shape 

directed to the top and a maximum unblocking temperature in the 

range 600–700 ◦C. About 80 percent of NRM is demagnetized at 600 
◦C, suggesting that the mineral assemblage is a mixture of magnetite 

and hematite (Fig. 5a). At 350 ◦C, a loss from a few percents up to 65 

percent of NRM is observed. 

The P-behaviour with a maximum unblocking temperature 

between 300 and 350 ◦C is generally attributed to the contribution of 

anFe-sulphide,suchasgreigite(Fe3S4,Curietemperature∼350 ◦C) or 

monoclinic pyrrhotite (Fe7S8, Curie temperature ∼320 ◦C). The PM-

behaviour likely results from a combined contribution of Fesulphides 

and magnetite. 

These behaviours allow distinction of three groups labelled A, B 

and C among the studied samples. For group A, that includes the 

sites1S,4S,5S,7S,8Sand11S,mostsamplesdisplayaP-behaviour. For 

group C represented essentially by the site 15S, sample displays the 

M behaviour. For group B that includes the sites 3S, 6S, 13S, 14S, 

16S and 17S, the PM and M-behaviours are combined. 

Thethermaldemagnetization ofNRMshowedunequivocallythat 

magnetite is present as a magnetic carrier in almost all sites, and more 

specifically at the sites where the groups B and C were described. 

High-temperature IRM experiments were combined on the samples 

of sites 5S (group A) and 17S (group B; Figs 5b and c). The 

demagnetization pattern of composite IRM resembles that of NRM. 

One main mineral was detected for the sample of site 5S 

characterized by a soft coercivity (Hc <0.1 T) and a maximum 

unblocking temperatureof∼320 
◦C(Fig.5b).Thesecharacteristicsarediagnostic of Fe-sulphide. 

However, it might be added that the ∼10 percent of residual IRM 

shows an unblocking temperature close to 600 ◦C (when the 

interpolating trend ranges from 350 to 500 ◦C). It means that a small 

amount of magnetite coexists with Fe-sulphide at the site 5S. For the 

sample of site 17S, the pattern is different apparently with an 

assemblage of magnetic minerals with harder coercivities in average 

(Fig. 5c). The overall maximum unblocking temperature is about 500 
◦C, indicating that magnetite is present. But the occurrence of break-

in-slopes at ∼300 ◦C for the intermediate coercivity suggests the 

presence of a Fe-sulphide. These two examples of high-temperature 

demagnetization of composite IRM indicate that an assemblage of 

magnetite and Fe-sulphide exists in the Cretaceous and Triassic 

argillaceous rocks, in good accordance with the pattern of the thermal 

NRM demagnetization. 

5.1.2 Low-temperature magnetic properties 

Thelow-temperatureexperimentsforsamples5Sand3Sfromgroup 

A and sample 17S from group B are shown (Fig. 6). On cooling, 

the RT-SIRM reveals diagnostic magnetic transitions. A sharp 

Neel´ transition at ∼39K is observed in sample 5S with an 

increase of remanence (RT-SIRM and an induced magnetization) 

by a factor of 50:1 (Fig. 5a). This indicates the presence of 

siderite (FeCO3; e.g. Housen et al. 1996). A Besnus transition is 

detected at ∼35K in sample 3S (Fig. 6b), which indicates the 

 

Figure 5. Thermal demagnetization of natural remanent magnetization (NRM) and isothermal remanent magnetization (IRM). (a) Thermal demagnetization 

of NRM. P, M and PM behaviours refer to a pattern of demagnetization discussed in the text. (b) and (c) Stepwise demagnetization of composite IRM. Soft: 

0.1 T, medium: 0.5 T, hard: 1.2 T (b) sample from site 5S which displays the P behaviour. (c) Sample from site 17S, which displays the PM behaviour. Note 

the similitude of the NRM and IRM patterns. 
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occurrence of micron-sized pyrrhotite. A Verwey transition is 

detected at ∼120K in sample 17S (Fig. 6c). The Verwey transition 

demonstrates the occurrence of stoichiometric magnetite. On 

cooling, on can observed also the superimposition of a small 

induced magnetization and the RT-SIRM near 35K (Fig. 6c). 

This transition suggests that hyperfined fraction of both 

magnetite and pyrrhotite are present (Aubourg & Pozzi 2010; 

Kars et al. 2011). The pyrrhotite, if effectively present, would be 

nano-sized and thus not able to carry a remanence at room 

temperature (neither NRM nor RT-SIRM). Therefore, the iron 

sulphide detectedinsample17SinthecourseofNRMorRT-

SIRMdemagnetization(Figs5a–c)isnotmicron-

sizedpyrrhotitebutrathergreigite, which has no low-temperature 

magnetic transition (Dekkers et al. 2000). 

The monitoring of LT-SIRM during warming shows sharp 

drops of magnetization for the three samples (Fig. 6). More 

specifically, 

thelossofremanenceexceeds90percentfrom5to30Kforsamples 5S 

and 17S, which is less marked in sample 3S. This drastic loss has 

two explanations: (1) it can be due to the Neel transition of 

siderite´ 

 

Figure 6. Low-temperature behaviour of saturated isothermal remanent magnetization (SIRM) acquired at room temperature (RT-SIRM, open symbols) and 

at low temperature (LT-SIRM, full symbols). (a) The sharp increase of RT-SIRM near ∼40 K indicates the occurrence of siderite (S, Neel temperature of 39 

K).´ This magnetic transition is also observed when warming the LT-SIRM. (b) The drop of RT-SIRM near ∼35K is the Besnus transition, indicating the 

occurrence of pyrrhotite (P). This transition is also observed when warming the LT-SIRM. (c) We identify a Verwey transition at 120 K which indicates the 

occurrence of stoichiometric magnetite (M). Note the increase of RT-SIRM near 35 K which is an indication of hyper-fined pyrrhotite and magnetite. 
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Figure 7. Low-temperature magnetic properties of argillaceous rocks along the three-profile next to a 1-m-thick dyke. (a) RT-SIRM. The drop of RT-SIRM 

near 35 K is the Besnus transition and points for the occurrence of >1μm pyrrhotite. (b) LT-SIRM curves. The drop from 10 to 300K is varying at a function 

of distance of the dyke. 

as for sample 5S, or (2) it can be attributed to the large occurrence 

of nano-sized fraction of magnetic minerals such as for sample 17S. 

These minerals acquire a remanence at very low temperature, and 

loose it when thermal energy is too high. 

The low-temperature magnetic investigation of Cretaceous 

argillaceous rocks within the thermal aureole of a 1-m-thick dyke 

9SD is pictured (Fig. 7). Sampling extends from 5 to 300 cm off 

the dyke. A Besnus transition was outlined and characterized by a 

drop of RT-SIRM at ∼35K and a bump at ∼200K for all samples 

whatever the distance to the dyke (Fig. 7a). Dekkers et al. (1989) 

suggested to study the reversibility of the RT-SIRM magnetic 

transition at 35K to gain information on the grain size. Cycling RT-

SIRM by cooling and warming the sample collected at 5 cm from 

dyke was conducted, and a ratio h/c = 0.6 was obtained. This ratio 

suggests an average grain size of pyrrhotite of about ∼50µm. The 

LT-SIRM demagnetization curves display a drop of remanence at 

a temperature below 40K (Fig. 7b). Remarkably, the magnitude of 

this drop is a function of the distance to the dyke; the drop is larger 

for the sample closer to the dyke, which suggests that the 

concentration of fine fraction of pyrrhotite is larger near the dyke. 

5.2 Rock-Eval and reflectance 

The TOC are lower than 2.9 percent, except for the Triassic sample 

17S in which the content reaches 9.7 percent (Table 1). TOC are 

considered to be a bulk sedimentary parameter that represents the 

fractionoforganicmatterthatsurviveddegradationduringbothsedime

ntation and thermal diagenesis. It reflects the quantity of organic 

matter, keeping in mind that organically bound oxygen, hydrogen, 

sulphur and nitrogen also contribute to the sedimentary organic 

matter. Thus, 1 percent TOC usually corresponds to 1.25 percent of 

organic matter in thermally mature samples. 

The HI is also generally low (often <200 mg HC/g TOC) in the 

studied samples, with a kerogen type usually based on marginally 

mature samples, indicating a predominance of Type III organic 

matter. However, samples such as 16Sb and 16Sd yield quite low 

HI-values (39 and 54 mg HC/g TOC, respectively) and can thus be 

classified into the Type IV organic matter, which represents highly 

oxidized organic matter, while Type III is derived from terrestrial 

higher plants. 

The organic matter consists exclusively in higher plant debris of 

different origins (woody debris, spores and pollen grains) at 

different states of diagenetic and thermal alteration. The maceral 

analysis outlines that the organic matter mainly consists in 

smallsized (<10µm) particles having a rounded shape; some 

samples containing vitrinite particles with average sizes of about 

50µm. The rounded shape is a possible indication of inherited 

vitrinite particles. 

An assessment of the level of maturity reached by the study 

samples is provided by Tmax values determined by Rock-Eval 

pyrolysis and classical vitrinite reflectance measurements (Durand 

et al. 1986). Due to the very low quantity of hydrocarbons released 

during pyrolysis, the Tmax values were determined only on half of 

the samples (Table 1). The values indicate that the sedimentary 

rocks reached different degrees of thermal evolution; most being 

located beyond the onset of the oil generation. The less mature 

samples are located less than 50km from the syenite intrusion (sites 

2S and 11S, Table 1), where organic matter is still immature with 

respect to oil generation (Tmax < 420 ◦C). The northern Triassic sites 

(16S and 17S) are only slightly mature, with Tmax at about 435 ◦C 

(Fig. 8). Samples from western part of the study area (sites 9S and 

15S) are mature, with Tmax values up to 468 ◦C (Fig. 8, Table 1). 

Furthermore, some samples display a very high level of maturation 

and are overmature with respect to oil generation (Tmax > 465 ◦C). It 

is clearly the case for the samples of site 8S, which were collected 
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near a basaltic sill. It is also probably the case for the samples of 

site 9SD where metric dyke delineated the outcrop. 

The vitrinite reflectance data are scarce because the organic 

particles are usually too small to allow accurate measurements. 

Only six 
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Figure 8. Two examples of early mature argillaceous rocks (Triassic argillaceous rocks 16S) and mature argillaceous rocks (Cretaceous argillaceous rocks 

15S). Both Tmax (upper curve) and the histogram of vitrinite reflectance are shown. 

samples contained enough large vitrinite particles to allow statistical 

determination of their maturity degree with a good confidence (Table 

1). The average R0 is 0.53 ± 0.21 percent, with maximum and 

minimum values at 0.87 percent (site 15S) and 0.30 percent (site 9S), 

respectively. The R0 measured at the sites 15S, 16S and 17S agrees 

well with the Tmax data (Table 1, Fig. 8). However, an incoherence is 

underlined for sample 9S. The low reflectance (R0 = 0.30 percent) 

measured at that site is in contradiction with the Tmax value (468 ◦C) 

indicating a mature degree. 

5.3 XRD and K–Ar data 

TheXRDdataofthe<2µmfractionsdocumentacombinedcontent of 

illite and illite/smectite mixed layers (I-S) from 61 to 82 percent in 

the Cretaceous rocks, and from 7 to 51 percent in the Triassic rocks 

(Table 2). Triassic rocks are characterized by a significant occurrence 

of smectite and low illite and I-S contents. The content of kaolinite 

ranges from 3 to 10 percent in the Cretaceous rocks and from 12 to 

16 percent in Triassic ones, whereas chlorite content ranges between 

11 and 35 percent in all rocks. No clear trend was observed for the <2 

µm mineralogical composition of the Cretaceous rocks, considering 

the different study sites. A systematic evolution is however observed 

at the local scale of the 9SD dyke (Table 2). Next to the dyke, the 

samples contain less illite (39 percent) and more I-S and kaolinite (26 

and 12 percent, respectively). It resultsthat the combined content illite 

+ illite/smectite is significantly higher when the samples were taken 

away from the dyke. The I/I-S ratio, which outlines the relative 

amounts of well-crystallized illite relative to less crystallized I-S, is 

relatively high (∼10) in most of the samples next to the 9SD dyke and 

decreases when getting close to the intrusion. For the Cretaceous 

sites, all samples yield compositions ranging between the lowest 

values measured next to the dyke and the mean values away from it. 

However, most of the TGS samples yield low I/I-S ratios compare to 

those of the 9S site. Ratios lower than 2.5 were measured in the 

central part of the area (sites 10S and LG) whereas ratios higher than 

2.5 (but lower than 10) were measured in the SE of the TGS (sites 

1S, 2S and 4S). Samples containing only trace amounts or no I-S were 

not considered. 

The ICI is quite similar for the entire set of samples with values 

ranging narrowly between 0.38 and 0.53 characterizing 

diagenetic to very-low grade metamorphism. No trend could be 

observed, meaning in turn that this information about the thermal 

gradient of the different sedimentary sequences is not 

unequivocal over the entire region. 

The K–Ar data of the <2µm fractions range from 58 ± 2 to 134 ± 4 

Myr for the Cretaceous rocks and from 232 ± 8 to 266 ± 12 
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Myr for the Triassic rocks (Table 2). The illite of the Triassic 

rocks is obviously detrital, based on K–Ar values above 

stratigraphic age, making difficult the assessment that secondary 

authigenic illite formed during burial or volcanic intrusive or 

extrusive. As both sites where collected near the traps in HWH 

(Fig. 2), we are inclined to conclude that the thermal effect of the 

traps was not penetrative enoughtoresettheK–

Arsystemoftheseillite-richsizefractions.By contrast, two groups 

of K–Ar ages emerge in the Cretaceous rocks: those with an 

average value older than Aptian time (∼110 Myr) for the sites 2S, 

4S, 10S, LG and 14S, and those with K–Ar ages younger than 

110 Myr for the sites 1S, 6S, 9SD and 15S. These sites 

spanAlbiantoCenomaniantime.Agesyoungerthan110Myrimply 

alteration of the initial K-bearing clay-type minerals, in addition 

to authigenesis of new crystals most probably induced by the 55-

Myrold basaltic intrusion and/or the 36 Myr-old emplacement of 

the syeniteplutons.Ontheotherhand,K–

ArdataolderthanAptiantime suggest a dominant detrital origin of 

illite that is likely in the <2µm fractions. The samples 9SD next 

to the metric dyke yield K–Ar ages (70–78 Myr, Table 2) that are 

younger than the depositional age and the ‘memory age’ of the 

detrital components. On the basis of previous studies on similar 

sediments cut by volcanic dykes (Clauer et al. 1995; Techer et al. 

2001, 2006), it can be considered that the K–Ar value for the 

<2µm fraction closest to the dyke probably reflects the age of the 

intrusion event, at about 58 Myr. This age is in good agreement 

with the 55 Myr obtained by 40Ar/39Ar dating basaltic intrusions 

in TGS (Price et al. 1997). Based on this, it is possible that young 

illite K–Ar ages at the sites 1S, 6S and 15S are triggered by 

magmatic intrusions, although a burial effect cannot be excluded. 

At site 6S, for instance, the samples were collected a few metre 

from top of a large sill (thickness not known; Fig. 4b), which 

could explain the young ages induced by a thermal flux generated 

by the intrusive body. Site 1S is the closest site of the large Kap 

Simpson syenite intrusion (Fig. 2), and it is not excluded that 

resetting of the illite fractions relates to this 36-Myr-old event. 

Atsite15S,nofieldindicationsofvolcanicintrusionswererecorded 

at distances lower than tens of metres from sampling places. The 

Tmax value (468 ◦C) is also consistent with the hypothesis of burial 

or thermal aureole of a cryptic intrusion. 

6 DISCUSSION 

The study indicates that the magnetic minerals of argillaceous 

rocks of eastern Greenland margin consist in an assemblage of 

iron oxides (magnetite) and iron sulphides (pyrrhotite and 

greigite). These minerals, magnetite and greigite, have also been 

described in the Cretaceous rocks from the western Greenland 

margin (Abdelmalak et al. 2012). In both margins, there is also 

evidence of nano-sized pyrrhotite. However, micron-sized 

pyrrhotite, that is carrying a remanence at room temperature, is 

only detected along the western margin. 

The formation of micron-sized pyrrhotite in sediments is 

generally related to temperature elevation in anoxic conditions 

(Rochette 1987). In burial conditions, occurrence of pyrrhotite 

may be an indication of burial temperature >200 ◦C (Crouzet et 

al. 2001; Schill et al. 2002). In non-standard conditions of 

temperature elevation, like in the thermal aureole of a magmatic 

intrusion, several studies reported formation of pyrrhotite (Gillett 

Table 2. Mineral composition and K–Ar data of the <2μm size fractions. I-S, illite-smectite mixed-layers; Chl, chlorite; Kaol, kaolinite; acc., accessory 

minerals. 9SD has been sampled at variable distance from a 1-m-thick dyke. Distance is indicated in centimetres from dyke. 

Site Illite I-S I/I-S 

Clays (amounts 

at 

I+I-S 

±5 percent 

Chl Chl 

) 
Kaol 

acc. 

K2O 
(per cent) 

40Ar 

(per cent) 

40Ar∗ (10−6 

cm3 g–1) 
40Ar/36Ar 40K/36Ar 

(10−3) 

Age Myr 

(±2σ) 

1S 56 21 2.7 77 – 13 10 εqz 3.83 41.04 8.75 501 49.913 69.5 (1.9) 

2S 47 14 3.4 61 – 32 7 εqz 3.87 31.86 16.35 434 18.125 126.5 (3.5) 

4S 52 12 4.3 64 – 35  εqz, εfelds 4.10 58.97 15.82 720 61.014 115.8 (3.1) 

LG 45 22 2.0 67 – 26 7 εqz, εfelds 4.05 48.11 16.64 569 36.911 123.3 (3.3) 

6S 69   69 – 28 3 εqz, εfelds 4.51 41.09 11.13 502 46.306 74.9 (1.9) 

9SD1–5 39 26 1.5 65 – 23 12 εqz, εfelds       

9SD2–20 67 7 9.6 74 – 26  εqz, εfelds 4.43 45.62 8.65 543 70.34 57.5 (1.5) 

9SD3–100 67 6 11.2 73 – 27  εqz, εfelds 4.62 48.18 9.52 570 73.861 62.8 (1.5) 

9SD4–10 58 7 8.3 65 – 35  εqz, εfelds       

9SD5–300 72 5 14.4 77 – 19 4 εqz, εfelds 4.35 52.43 9.97 621 78.739 69.7 (1.8) 

10S 42 24 1.8 66 – 34  εqz 3.69 30.15 16.55 423 15.767 134.0 (3.8) 

14S 73   73 – 24 3  6.32 82.07 26.69 1648 177.535 126.4 (2.4) 

15S 48 34 1.4 82 – 18  εqz, εfelds 2.79 32.21 7.96 436 27.268 86.4 (2.8) 

16S 33 18 1.8 51 – 33 16 εqz 2.85 37.27 22.84 471 12.144 232.8 (7.5) 

17S 7   7 70 11 12  0.54 4.92 4.99 311 0.918 265.8 (12.2) 
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2003; Wehland et al. 2005; Ledevin et al. 2012). There is 

therefore a need to evaluate burial conditions of the eastern 

margin of Greenland to better understand the origin of pyrrhotite. 

Fig. 9 shows the burial indicators. Apart sites 8S and 9SD, where 

Rock-Eval data suggest that organic matter is overmature (Tmax > 500 
◦C, Table 1), all burial indicators suggest that the organic matter is 

immature to mature (365 ◦C < Tmax < 468 ◦C, 0.3 percent < R0 < 0.9 

percent, 0.53 > ICI > 0.38; Table 2). According to the experimental 

calibration curves of Sweeney & Burnham (1990), R0 < 0.9 percent 

values indicate that the maximum temperature reached by the 

argillaceous rocks is <150 ◦C, which is consistent with the maximum 

temperature obtained by Thomson et al. (1999) in Triassic and 

Jurassic rocks of the region. Additional evidence for low burial is 

provided by the detrital age of illite for Cretaceous rocks. Of eight 

localities studied, five localities have ages >116 Myr (Table 2, Fig. 

9). 

The Triassic argillaceous rocks of the HWH peninsula provide 

good cases of immature organic matter (R0 < 0.4 percent, Tmax < 440 
◦C, detrital age of illite >233 Myr; Fig. 8). These argillaceous rocks 

are at the farthest distance from Kap Parry and Kap Simpson syenite 

intrusions (Fig. 8). At site 17S, the rock magnetic investigation 

showed the occurrence of magnetite and greigite. A similar magnetic 

assemblage has been reported by Abdelmalak et al. (2012) in 

Cretaceous rocks from the western margin. These authors also stated 

that this magnetic assemblage is consistent with immature to early 

mature organic matter. We are therefore inclined to consider that the 

Triasic argillaceous rocks from HWH were not impacted by the 

thermal aureole of the magmatic intrusion. By the way, it is 

noteworthy that the overlying kilometre thick traps have no apparent 

impact on either the magnetic assemblage or the maturity indicators. 

South to HWH, when approaching the Kap Parry and Kap Simpson 

syenite, the organic matter of the Cretaceous rocks is immature to 

early mature, as indicated by vitrinite reflectance data (R0 < 0.9 

percent). However, the Rock-Eval data display a variability (Fig. 9) 

that is somehow larger than the range of the Rock-Eval data from 

Upper Triassic–Lower Jurassic Kap Stewart Formation of Jameson 

Land (440 ◦C < Tmax < 446 ◦C; Krabbe 1996). This variability suggests 

a possible impact of thermal aureoles, especially at the sites 8S and 

9S (Fig. 9). However, the lowest values of Tmax 
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mineralogy, based on the assemblage of pyrrhotite and magnetite is also 

shown. 

(<420 ◦C) are located near the Kap-Simpson and Kap-Parry 

syenites. It is therefore, possible that the Rock-Eval data are 

equivocal and inconclusive. From data set generated here, neither 

vitrinite data, nor Rock-Eval data indicate relevant anomalies that 

map the thermal aureole of the syenite. Actually, the presence of 

the thermal aureole is rather suggested by K–Ar data. Young illite 

ages <75 Ma are observed at the sites 1S and 6S, which are close 

to the intrusion of Kap Simpson and Kap Perry (Fig. 9), requiring 

concomitant formation of illite with the syenite intrusion. 

Therefore, the pyrrhotite detected in the Cretaceous 

argillaceous rocks is possibly related to the thermal aureole of 

intrusion. At local scale, the 3-m profile in Cretaceous sediments 

near the 1-mthick dyke (Fig. 7a) indicates the predominance of 

 

Figure 9. Map showing the maturity parameters (vitrinite R0, Rock-Eval Tmax) obtained in this study. K–Ar of <2 mm illite is indicated. The magnetic 
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micron-sized pyrrhotite, without evidence of magnetite. This 

magnetic assemblage is observed in argillaceous rocks for burial 

temperature exceeding 250 ◦C (Schill et al. 2002). Thus, it cannot 

be excluded that pyrrhotite is likely due to the magmatic 

intrusion. 

For samples with a dominating pyrrhotite signal, 

demagnetization of NRM yields a diagnostic pattern (Fig. 5a). It 

is characterized by a plateau from room temperature to ∼320 ◦C, 

followed by an abrupt decrease (Figs 5a and b). This feature is 

observed at the sites 1S, 4S, 5S, 7S, 8S and 11S (samples of the 

groups A, Fig. 9). These sites frame the Kap-Perry and Kap-

Simpson syenitic intrusions within ∼20km. Within the thermal 

aureole of 5-kmwide granitic intrusion, Gillett (2003) observed a 

similar behaviour during thermal demagnetization of the NRM 

from sediments, that he named ‘square-shouldered’. Otofuji et al. 

(2003) observed also ‘square-shouldered’ NRM demagnetization 

patterns in limestones 

withinthethermalaureoleofa∼40kmgraniticintrusion(Kitakami, 

Japan). 

The ‘square-shouldered’ pattern implies that the spectrum of 

unblocking temperature of pyrrhotite is restricted to values near 

the Curie temperature (∼340 ◦C). In other words, this type of 

pattern suggests homogenous distribution of large pyrrhotite; 

provided that the largest unblocking temperatures are observed 

in the largest crystals. Gillett (2003) envisioned that pyrrhotite 

formed at the expense of magnetite and pyrite (FeS2), at 

temperatures lower than 200 ◦C, according to the reaction: 

3Fe3O4 +3FeS2 → 6‘FeS’ + 2O2 
magnetite pyrite pyrrhotite 

Thermal demagnetization of NRM shows that the content of 

magnetite is limited in argillaceous rocks from group A. 

Moreover, the absence of Verwey transition for samples near the 

dyke 9SD indicates that magnetite is not detectable. Then, it can 

be assumed that pyrrhotite formed at the expense of magnetite. 

Gillett (2003) also argued that formation of pyrrhotite is not 

triggered by external intrusion fluids, but more locally by 

hydrous phases over millimetric distances. Formation of micron-

sized pyrrhotite is then probably triggered by dehydration of 

clays (e.g. Vidal et al. 2009). Elevation of temperature is not 

accompanied by an elevation of pressure, and thus dehydration 

of clays can be more efficient. 

7 CONCLUSION 

The thermal aureole of magmatic intrusions in argillaceous rocks 

in the basin of the eastern Greenland volcanic margin was 

examined in detail. Maturity indicators reveal that the organic 

matter is immature to mature, without clear impact of the thermal 

aureole of the nearby magmatic intrusions: 

(i) The vitrinite reflectance is ranging from 0.3 to 0.9 percent. 

(ii) The Rock-Eval data provides Tmax between 365 and 468 ◦C. 

(iii) The index of illite cristallinity is >0.38, without 

clear evidence of neoformed illite within the thermal aureole. 

(iv) A detrital K–Ar age of illite is observed in five 

out of eightstudied sites. 

However, local anomalies of Rock-Eval data or young illite 

K–Ar ages indicate possible imprints of a thermal aureole. This 

is especially well documented near a 1-m-thick dyke. With this 

level of maturity, the argillaceous rocks should have a magnetic 

assemblage 

consistingessentiallyofstoichiometricmagnetite.Thismagneticass

emblage is observed in Triassic argillaceous rocks from HWH, 

far from syenite intrusion. However, rock magnetic investigation 

shows the occurrence of micron-sized pyrrhotite in Cretaceous 

argillaceous rocks at a distance compatible with the thermal 

aureole of magmatic intrusions. Pyrrhotite is unambiguously 

detected due to the observation of the Besnus transition at ∼35K. 

Thermal demagnetization of the NRM provides a diagnostic 

‘square-shouldered’ 

pattern,withadrasticdropofmagnetizationneartheCurietemperatu

re of pyrrhotite. This behaviour, already observed in other 

plutons aureoles, is indicative of a rather narrow distribution of 

micro-sized pyrrhotite, which develops at the expense of 

magnetite. 

This study demonstrates that it is possible to detect the thermal 

aureole of unexposed magmatic intrusion by applying magnetic 

investigation. A promising application would be a precise delineation 

of the thermal aureole resulting from a magmatic intrusion. 
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