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2Laboratoire de Géodynamique des Rifts et des Marges Passives, EA 3064, Université du Maine, 72017 Le Mans cedex, France
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S U M M A R Y
Volcanic passive margins (VPMs) are characterized by large volumes of melt emplaced within
the lithosphere during break-up processes. Several data and a recently proposed conceptual
model of volcanic margin development suggest that VPMs are fed from localized crustal
zones of magma storage, underlying large polygenetic volcanoes localized above diapir-like
instabilities of the asthenosphere. We investigated the magma flow pattern within the coast-
parallel dyke swarm of the East Greenland VPM, which is the only outcropping VPM, over
a distance of 125 km. The 44 sampled dykes are representative of the successive families
of intrusions. Igneous petrofabrics are constrained by the measurements of the anisotropy
of magnetic susceptibility. The magnetic fabrics are of medium to low anisotropy (P ′ <

1.08) and show moderately oblate ellipsoids (T > 0). Flow-related fabrics are recorded in 75
per cent of the sampled dykes. We infer the flow directions from the imbrication geometry
of the magnetic foliation planes at the dyke margins, and check the results by measuring
the preferred orientation of plagioclase in thin sections cut in the magnetic principal planes.
Due to probable fabric superposition, the magnetic lineation represents the zone axis for
the distribution of magnetic foliation plane. We obtained 23 reliable flow directions that are
predominantly horizontal and directed away from identified crustal reservoirs. This flow pattern
supports the proposed model of VPM growth, and emphasizes the localized nature of the magma
sources in the mantle. The entire flood basalt sequence appears to have been fed by a restricted
number of crustal reservoirs and associated dyke swarms.

Key words: anisotropy of magnetic susceptibility, dyke, flood basalt, Greenland, large igneous
province, North Atlantic, plume, volcanic margin.

1 I N T RO D U C T I O N

The ratio of the induced magnetization of a material to the exter-
nal applied field defines the bulk magnetic susceptibility. Due to
crystallographic properties and spatial distribution of minerals and
mineral shapes, the magnetic susceptibility is anisotropic and gives
an estimate of the petrofabric, averaged over all sources in the en-
tire rock sample (e.g. Tarling & Hrouda 1993). The high sensitiv-
ity of anisotropy of magnetic susceptibility measurements (AMS;
anisotropy of 0.1 per cent down to a susceptibility of 10−7 SI) allows
the determination of magnetic fabrics in apparently isotropic rocks.
AMS has thus been used to quantify rock fabric and in some case to
provide an estimation of finite strain, in several geological settings:
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sedimentary, metamorphic and igneous (e.g. Rochette et al. 1992,
1999; Borradaile & Henry 1997).

Practically all magmatic rocks show a petrofabric, or texture, even
if it is not easily distinguished in the field (e.g. Bouchez 1997). Sev-
eral mechanisms accounting for the emplacement dynamics and
subsequent cooling and solid state evolution are responsible for
the fabric development (Nicolas 1992). The mineral fabric of a
magmatic rock can be related to (1) gravitational sedimentation
of crystals, (2) shearing of a viscous magma containing rigid parti-
cles during emplacement and (3) post-cooling plastic deformation.
Rocks deformed in the magmatic state, which are characterized by
a preferred orientation of grain shape, are easily distinguished from
plastically strained rocks, characterized by preferred orientations of
crystal lattices. Nevertheless, rocks strained in the magmatic state
also present strain-induced structures similar to those observed in
plastically strained metamorphic and sedimentary rocks, such as SC
fabrics (e.g. Nicolas 1992; Callot & Guichet 2003).
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Since the early studies made by Graham (1954) and Khan (1962),
AMS has been widely used to reveal the internal magmatic structure
of plutonic rocks, principally para- and ferromagnetic granites (e.g.
Bouchez 1997). The easy and quick use of AMS has ensured its
increasing success, and numerous plutons have been structurally
mapped, showing the high spatial homogeneity of their texture and
the ability of AMS to retrieve a rock fabric from a small number of
samples. These results have also been successfully compared with
numerical and experimental modelling of texture acquisition (Ježek
et al. 1996; Arbaret et al. 1997). Similarly, AMS has been used in
mafic rocks (dykes, sills lava flows), particularly basaltic dykes, but
its use here is more controversial (Ellwood 1978; Canon-Tapia et al.
1997; Dragoni et al. 1997; Callot 2002).

In the present paper we aim to study the flow dynamics within a
volcanic margin dyke swarm to constrain the magma transfer in the
upper crust during continental break-up associated with (or triggered
by) a mantle plume (e.g. White & McKenzie 1989; Richards et al.
1989). We shall first present in detail the main characteristics of
the East Greenland volcanic margin and its relationship with the
Icelandic Plume. The methodology, based on the measurement of
the AMS, relies on the orientation of the magnetic foliation plane
(Hillhouse & Wells 1991; Geoffroy et al. 2002). This methodology
has rarely been applied to dykes and will be discussed (Moreira et al.
1999; Aubourg et al. 2002). We will finally discuss the possible
implications of our results on the general issue of the interaction
between an active upwelling of mantle material and the break-up
processes of continental lithosphere.

2 T H E N O RT H AT L A N T I C V O L C A N I C
P ROV I N C E A N D T H E E A S T
G R E E N L A N D M A RG I N

2.1 Mantle plumes, large igneous provinces and volcanic
passive margins

Volcanic passive margins (VPMs) belong to the so-called large ig-
neous provinces (LIPs). When associated with a hotspot track, and
with an abnormally thick oceanic crust, a volcanic margin records
the break-up of continental lithosphere over a mantle plume (e.g.
White & McKenzie 1989; Hill 1991; Coffin & Eldholm 1994;
Anderson 1994; Eldholm et al. 1995; Courtillot et al. 1999).

Since the seminal paper by Morgan (1972), several models of
interaction between mantle plumes and lithosphere have been dis-
cussed. White & McKenzie (1989) suggest a passive mode of rifting,
the mantle plume ascent and melting being controlled by the thin-
ning of the lithosphere below the rift zones. The mantle plume plays
a much more active role in the model of Richards et al. (1989), by
thinning the lithosphere through thermal and convective erosion.
Here the development of plateau basalt precedes the rifting event.
By suggesting that lateral thermal and compositional contrasts in the
continental lithosphere could drive small-scale convective cells and
enhance local mantle melting, Anderson (1994) questioned system-
atically the role of the plume. Eventually, the comprehensive review
of Courtillot et al. (1999) put forward a causal link between mantle
plume activity, onshore trap emplacement and subsequent rifting
of the lithosphere, associated with the development, along the rift
zone, of a VPM, as a driving mechanism for plate break-up and plate
tectonics.

VPMs exhibit strong differences from classic non-volcanic mar-
gins, particularly the large volumes of both extrusive and intrusive
igneous products accompanying lithospheric break-up (Eldholm &

Grue 1994). These products include: (1) thick lava flow sequences
forming flat-lying or seaward-dipping basaltic flows onshore and
seaward-dipping basalts and tuffs offshore (Hinz 1981); (2) central
intrusive complexes; (3) coast-parallel dyke swarms centred on com-
plexes (Myers 1980); (4) variable volumes of underplated material
with high seismic velocity (e.g. Korenaga et al. 2000).

2.2 The Thulean province: evidence for localized
melting zones

The impact of the Icelandic mantle plume has long been con-
sidered as the origin for the Thulean magmatic province (Fig. 1)
Holmes (1918) which was emplaced in the early Palaeocene. The
onshore basalt represents roughly 0.4 × 106 km3 (principally, on the
Blosseville Promontory, the West Coast of Greenland and the British
and Faeroe Isles). Offshore, the seaward-dipping reflectors represent
more than 1.8 × 106 km3, and the underplated mafic body and ig-
neous crust (if assumed to be entirely magmatic in nature) roughly
4.8 × 106 km3, ranking the Thulean province as among the largest
LIPs (Eldholm & Grue 1994).

The East Greenland margin has been widely studied, both off-
shore (ODP leg 152) and onshore, and a large collection of dating is
available, especially from inland exposure where the syn-magmatic
flexing of the lava flows toward the sea is well expressed (Wager &
Deer 1938; Nielsen 1978). Fig. 2 summarizes the magmatic chronol-
ogy. The first magmatic episode is dated at 62 Ma, as is the case
over the entire Thulean province. This short event (∼2 Myr) corre-
sponds to the main plateau basalt and picrites on the west coast of
Greenland, the lower series of the Blosseville Promontory, the lower
series offshore in the North Atlantic and the first lava in Scotland,
associated with the earliest activity of some of the central intrusive
complexes (Tegner et al. 1998; Torsvik et al. 2001). In East Green-
land this episode is followed at 55 Ma by the main event, associated
with continental break-up, and a strong focusing of the lava emission
along the future ridge axis. The main lava onshore and the main part
of the seaward-dipping reflectors offshore are deposited with major
magmatic activity at several plutonic complexes associated with the
main dyke swarm. A third episode of magmatic activity is marked
by the emplacement of post-flexure dykes, and of several plutonic
intrusions along the East Greenland margin at ∼50 Ma. These data
show the temporal persistence of magmatic activity at several lo-
cations throughout the three main effusive episodes, separated by a
zone lacking magmatic activity (Fig. 2). This illustrates the persis-
tence of localized melting—or magma transfer—zones within the
lithosphere.

The early lavas of the Thulean province are characterized by a
high MgO content (8–20 per cent) on both side of Greenland, in
the North Atlantic and in Scotland (Scarrow & Cox 1995; Fitton
et al. 1998). Such picrites suggest a high potential temperature of
the melting mantle (∼1450 ◦C), typical of a mantle plume environ-
ment. The primary melts (early lava from the first pulse) have been
formed at great depth (80–110 km for the Hebrides and Greenland
lava) with a low degree of melting (alkaline lava). These are followed
by the main tholeiitic lavas (corresponding to the second episode),
formed at a shallower depth (∼50 km) at a higher degree of melting
(∼20 per cent) from a depleted mantle (Kerr 1994), and differen-
tiated in crustal storage zones (∼8 kbar, Fram & Lesher 1997).
This dramatic decrease in melting depth (almost 50 per cent) within
a very short period of time (∼5 Myr) shortly before or during the
main tectonic episode has been described in several LIPs (e.g. White
& McKenzie 1995).
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Figure 1. Regional setting of the North Atlantic volcanic province at magnetic chron 24 (∼55 Ma) (after Callot 2002). B, Blosseville promontory; K,
Kangerlussuaq Fjord; F, Faeroe Islands. Note the distribution of the magmatic product at the time of break-up. The location of the mantle plume tail and deep
distribution of melt is after Nielsen et al. (2002) and Callot (2002).

Figure 2. Summary of magmatic events along the east coast of Greenland,
after Tegner et al. (1998); data from Sinton & Duncan (1998), Tegner et al.
(1998) and Lenoir et al. (2002). 1, Kap Gustav; 2, Imilik; 3, Kruuse Fjord;
4, Igtutarajik; 5, Nordre Aputitek; 6, Kap Edward; 7, Skaergaard; 8, Sorgen-
frigletscher Sill complex; 9, Liloise Bjerge; 10, pre-flexure dyke swarm; 11,
post-flexure dyke swarm. Note the existence of a localized zone of persistent
activity (see text for details). L, M, US: lower, middle and upper series of
lava from the ODP leg 152.

2.3 Proposed model and aim of the study

This quick thinning of the lithosphere, apparently associated with the
development of long-lived intrusive complexes, is a major character-
istic of LIPs and VPMs. A plate tectonic process cannot reasonably
explain such thinning, which is therefore likely to be of local ori-
gin and may express the thermomechanical interaction between the
plume material and the base of the lithosphere (Fleitout et al. 1986;

Geoffroy 1998, 2001). On the basis of previous considerations and
extensive field work, Geoffroy (1998, 2001) suggest that a small-
scale, thermally driven convection in the plume head could lead to
quick erosion of the lithosphere at localized spots which define the
persistent mantle melting zone (see also Callot et al. 2001a). The
magma reservoirs associated with these melting zones in turn local-
ize both magmatic accretion, through lateral injection of dykes, and
distension within the crust.

The mechanical effect of such low-resistance bodies built in the
lithosphere has already been tested and can account for the bulk ini-
tiation and propagation of a rift segment (Callot et al. 2001a, 2003).
In the present study we will focus on the magmatic growth of a VPM.
The model of Geoffroy (2001) assumes lateral injection of evolved
magmas from the crustal reservoirs within the dyke swarms. This
may be tested using AMS data to estimate the directions of magma
flow within the coast-parallel dyke swarm of the East Greenland
margin, which offers the only opportunity for such a study.

2.4 The onshore East Greenland margin

The structure of East Greenland margin is well exposed, includ-
ing levels close to the palaeotopographic surface down to the in-
ternal part of the dyke swarms and magma centres (Figs 2 and 3)
Myers (1980); Klausen (1999). This is due to Tertiary differential
uplift/erosion (Clift et al. 1998) and more recent glacial erosion. The
continental part of the volcanic margin crops out from Kangerlus-
suaq to Ammassalik, 100 km west of the continent–ocean transition
(Fig. 3b) Korenaga et al. (2000).

South of Kangerlussuaq Fjord (Fig. 3), the lava pile and possi-
bly underlying Mesozoic sediments have been removed by erosion
so that the mafic dyke swarms that fed the lava crop out paral-
lel to the coast. The southern part of the margin exhibits two major
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Figure 3. Top: simplified geological map of the southern part of the East Greenland volcanic margin with location of the studied zones. Bottom: interpretative
seismic cross-section of the margin after Korenaga et al. (2000). Bold numbers for rock densities, light numbers for P-wave velocities. Shading and lines
interpolates seismic velocities.

hypovolcanic complexes known as the Kruuse Fjord and the Imilik–
Qialineq gabbros and syenites. There is no evidence to support the
existence of any other major complex south of Imilik–Qialineq.
The coastal dyke swarm of East Greenland is roughly 400 km long,
and is composed of outcrop of ∼400 dykes across the strike. The
dykes generally trend north–south to N040, with the swarm showing
a symmetrical en echelon arrangement apart from the two igneous
centres (Figs 3b and 4) Myers (1980), which is also apparent on aero-
magnetic surveys offshore to the south (Larsen 1978). The crustal
flexure is marked by a seaward increase in the tilt of the earliest
dykes, which are assumed to have been injected vertically (Myers
1980; Karson & Brooks 1999).

The dykes’ continentward dips, which express the crustal flex-
ure of the margin, vary both along the strike and across the strike
of the swarm. Firstly the mean dip of the dykes increases along-
strike, from the less flexed part of the margin south of Kap Wandel,
where the dykes are subvertical, to the northern zone around the
Kap Gustav intrusive complex, where the mean dip reaches more
than 25◦ (Fig. 4a). Secondly, we observe along each transect across
the swarm a remarkable increase in both (1) the cumulative mag-
matic dilatation, from less than 1 per cent in the inland part of the

swarm where dykes are vertical (Erik Den Rodes and Sarternit Is-
land) to more than 50 per cent along the coastline (at Kap Wandel
for example), and (2) the seaward tilt of the early dykes. The dykes
display variable dips indicating syn-flexure emplacement (Karson
& Brooks 1999; Klausen 1999). The study of the thickness variation
along-strike had led Klausen & Larsen (2002) to propose a lateral
propagation of the dykes from between the crustal igneous centres,
implying a lateral feeding of the swarm.

At Kap Wandel three contrasted generations of intrusions crop
out, exhibiting constant petrological characteristics (Fig. 5a). The
earlier magmas of alkaline affinity, associated with picrite basalt,
are not well exposed, and the associated feeder dykes are poorly
documented (Klausen 1999). Most of the dykes belong to the earli-
est (pre-flexure) generation, and show a tholeiitic affinity (Table 1)
which correlates well with the main THOL1 and THOL2 coast-
parallel dyke swarms described further north by Nielsen (1978).
These doleritic dykes are relatively thin (up to 9 m thick, 4.5 m
on average), with up to 40 per cent of andesine–labradorite pla-
gioclase (Fig. 5b). The dykes of this first generation generally trend
N030, and are tilted oceanwards by the seaward coastal flexure. They
are cross-cut by a second generation of thicker (from 15 to 30 m)
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Figure 4. (a) Detailed maps of the studied zones with the location of the sampled dykes. The stereograms (Stereonett c©, lower hemisphere projection) show
the orientation roses together with the mean poles for the dykes (with the contoured density distribution incremented every 1 per cent). The three intrusion
generations are indicated for the Kap Wandel area; n is the number of measured dykes, and the mean strike and pole are given on the plot. (b) Schematic view
of the main dyke swarms and plutonic complexes.

alkaline dykes trending N010 which post-date the flexure (post-
flexure type I, Table 1, Figs 4 and 5c). These dykes exhibit a por-
phyritic texture with plagioclase phenocryst 400–1500µm in length.
A late generation of scarce and thin differentiated dykes of alkaline
affinity is seen to cross-cut the two earlier generations (post-flexure
II type, Fig. 5d).

3 T H E U S E O F A N I S O T RO P Y O F
M A G N E T I C S U S C E P T I B I L I T Y
I N DY K E S

3.1 General considerations

Under low-field conditions the anisotropy of magnetic susceptibil-
ity (AMS) can be linearly approximated by a second-order tensor,
whose three eigenvectors (K 1 > K 2 > K 3) define the magnetic
ellipsoid. AMS measures all contributions due to dia-, para- and
ferromagnetic (sensu lato) minerals, averaged over a rock sample.
The main sources of anisotropy are the anisotropic shape of miner-

als, their crystallographic anisotropy and the anisotropic distribution
of shape orientation in the rock sample (Stacey 1960; Bhathal 1971;
Hargraves et al. 1991; Rochette et al. 1992). In AMS measurement
the signal is averaged over a rock sample of ∼10 cm3; thus it not
only estimates the grain-scale AMS averaged over the total number
of grains (shape and crystallographic AMS), but it also integrates
the anisotropic relative distribution of shape (which we may call the
sample effect) (Stephenson et al. 1986). In so doing AMS is a true
estimate of the petrofabric, i.e. the texture, although it is generally
interpreted in term of grain effects only.

Following the observations and modelling of Blanchard et al.
(1979), Knight & Walker (1988) first documented, with AMS data,
the imbrication fabric of elongated ferromagnetic particles along
the chilled margins of basaltic dykes, which allows one to draw the
flow direction. The paramagnetic minerals mainly define the texture,
whereas the ferromagnetic oxides dominate the AMS signal due to
their high susceptibility. Although they are often late-stage (i.e. post-
flow) crystallization products in basaltic magmas, their anisotropic
distribution within the silicate template should also reflect the
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Figure 5. (a) Alkalis versus silica diagram for the analysed dykes (Table 1)
together with the results of Nielsen (1978). Thin sections show the contrasted
petrographic textures of the three dyke generations. (b) Doleritic texture of
pre-flexure tholeiitic dykes. (c) Porphyritic texture of thick alkaline dykes be-
longing to post-flexure I family. (d) Heterogeneous texture with phenocrysts
of plagioclase and pyroxene, typical of the post-flexure II alkaline dykes.

flow-related magmatic texture (Hargraves et al. 1991). Unless the
fabric is controlled by single-domain particles, one expects the max-
imum susceptibility axes to define the flow direction. Several stud-
ies have shown concordance between the magnetic axis K 1 (due to
the ferromagnetic oxides) and external flow indicators such as phe-
nocrysts or elongated xenoliths (Staudigel et al. 1992; Varga et al.
1998).

Nevertheless, field studies and numerical experiments have em-
phasised possible discrepancies between the magnetic lineation
and the assumed flow-related texture (Ellwood 1978; Baer 1995;
Moreira et al. 1999; Geoffroy et al. 2002; Callot & Guichet 2003).
It is interesting to note that following Rochette et al. (1992), the vast
majority of authors consider as indicative of a flow-related magnetic
fabric the ‘normal magnetic fabrics’, i.e. dykes with a magnetic fo-
liation plane close to the dyke plane, which generally have a rather

Table 1. Chemical analyses of 12 dykes from the different sampling zones and dyke generations (weight per cent of oxides normalized
to 100 per cent after correction for water loss).

Erik Wandel-I Wandel-II Wandel-III Kap Gustav

13G8B 25G5B M7C B9C O6C U7C A11B F10C C14B T4B �9C τ5A

SiO2 48.4 44.38 45.8 47.3 46.52 48.8 46.59 44.0 40.8 46.7 46.4 46.36
Al2O3 12.0 12.12 12.3 12.9 14.37 11.1 13.48 15.0 11.6 12.9 12.6 13.55
Fe2O3 5.7 6.45 4.9 3.9 5.36 5.5 6.28 5.5 8.5 4.2 4.6 5.23
FeO 11.0 14.04 12.5 10.8 11.37 9.8 11.31 9.3 7.2 7.6 11.6 11.95
MnO 0.2 0.31 0.2 0.2 0.26 0.3 0.26 0.2 0.2 0.2 0.2 0.27
MgO 5.8 5.03 5.6 6.4 4.66 8.4 4.92 6.5 8.5 8.6 6.2 4.53
CaO 10.1 9.30 10.0 11.1 9.11 7.0 8.87 11.4 16.1 12.7 10.8 9.30
Na2O 3.0 2.42 3.0 3.2 3.14 4.3 2.86 3.4 1.7 3.3 3.1 3.09
K2O 0.7 0.63 0.8 0.8 0.85 1.3 0.77 1.9 1.52 2.0 0.9 1.36
TiO2 2.4 4.70 4.1 2.9 3.67 2.5 4.01 2.2 3.2 1.4 3.1 3.71
P2O5 0.6 0.63 0.8 0.6 0.69 1.1 0.65 0.7 0.8 0.4 0.6 0.67
Total 100.0 100.00 100.0 100.0 100.00 100.0 100.00 100.0 100.0 100.0 100.0 100.00

oblate magnetic texture (for a compilation of published data see
Callot & Guichet 2003, and Fig. 11). In such dykes, the pole of
magnetic foliation K 3 is usually better defined than the magnetic
lineation K 1, which, however, is used to infer the flow direction.
These fabrics, which are generally of low anisotropy, are prone to
fabric superposition and composition (Housen & Van der Pluijm
1993; Henry 1997; Callot & Guichet 2003). In particular, Geoffroy
et al. (2002) have shown that for more than 60 per cent of the studied
samples from a case study in Greenland the magnetic lineation, i.e.
the inferred flow direction, is perpendicular to the mean elongation
of plagioclase phenocryst, i.e. the assumed real flow direction. This
can easily be modelled as the result of the superposition at the plug
scale, of SC-type fabric, the macroscopic K 1 being the zone axis of
the SC fabrics (Henry 1997; Callot & Guichet 2003).

3.2 The foliation methodology for estimating the flow
vector and confidence ellipse

We will focus here on normal fabric dykes (sensu Rochette et al.
1991). As proposed by Geoffroy et al. (2002), the flow direction is
inferred geometrically from the imbrication, at the dyke margin, of
the magnetic foliation plane (Fig. 6a). This is close to the method-
ology used by numerous authors (e.g. Knight & Walker 1988), but
it avoids the possible misuse of K 1 as a flow lineation. Some other
author have inferred flow direction in a comparable manner for tuffs
and lava flows (Hillhouse & Wells 1991; Canon-Tapia et al. 1997;
Palmer & MacDonald 1999).

The flow direction is calculated at two scales (see Geoffroy et al.
2002). First, a local flow vector is obtained for each pair of measured
plugs and the oriented margin close to the plug. A mean for the pool
of local flow vectors is calculated for each dyke margin, using a
classical Fisher statistic (the so-called ‘local flow vector’). Second,
for each dyke margin, a mean flow vector for the margin is calcu-
lated from the mean magnetic foliation plane (Jelinek 1978) and the
average margin orientation (‘mean flow vector’). In that case, the
confidence interval is estimated by a random generation of pairs of
poles of foliation and dyke margins, within their own confidence
interval (the 95 per cent-ellipse for K 3, and an arbitrary estimate
of the orientation error for the margin, usually 5–10◦). This distri-
bution of ‘possible flow vectors’ delineates the confidence interval
(Fig. 6b).

Eventually, the data may be compared all together in the dyke
reference frame (Rochette et al. 1991). In such a case, the dykes
are rotated to be vertical and north–south directed, and the data
compiled in a single plot. This allows comparison of the data from
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Figure 6. (a) Synthetic diagram illustrating the methodology followed: the flow vector is constructed as the perpendicular to the intersection line between
magnetic foliation (assumed to be representative of a planar distribution of phenocrysts) and the dyke margin. (b) Example of the estimation of the confidence
ellipse for the margin flow vector. One hundred pairs of mean dyke poles (circles) and mean magnetic foliation poles (diamonds) are drawn and use to construct
each a flow vector (open and closed squares). The upward-directed flow vectors have been plotted as downward lineation for the sake of visibility, but all vectors
indicate a southwestward-directed flow.

dyke to dyke, and highlights a general pattern of magnetic fabric at
the scale of the dyke swarm (see Callot et al. 2001a).

Inverse magnetic fabrics, which are geometrically defined as fab-
rics where the mean magnetic foliation plane is close to being per-
pendicular to the dyke mean plane, are generally considered as be-
ing unrelated to flow. Their origin, either textural, mineralogical or
magnetic (monodomain versus single-domain magnetite) remains
largely controversial and is under discussion. We here choose to fo-
cus on the flow-related fabric and the geodynamic interpretation of
the distribution of flow direction.

4 DATA P R E S E N TAT I O N

4.1 Sampling and methodology

We restricted the study area to the 125 km of the coast-parallel dyke
swarm south of the Imilik centre. Following the preliminary study
of Callot et al. (2001a) (seven dykes sampled), we performed ori-
entation measurements and AMS sampling within the main dyke
swarm along two natural transects: Kap Wandel Fjord (23 dykes)
and Kap Gustav Fjord (13 dykes, Fig. 4), with some additional data
from the Sarternit area (one dyke). We selected dykes (1) with both
margins well exposed, (2) unaltered, (3) apparently not inherited
from pre-existing fracture sets and (4) less than a few metres thick,
when possible, to exclude dykes potentially affected by turbulent
or multiple flow (Knight & Walker 1988; Tauxe et al. 1998). These
dykes belong to each petrographic type and display variable angles
of dip. At least seven cores were drilled on both margins of the
dykes, as close as possible to the vitrified margins, where we ex-
pected the imbrication fabric to be more clearly expressed. In most
cases samples and dyke margins at the coring location were oriented
using both solar and magnetic compasses. We finally measured the
orientation of more than 540 dykes, and drilled 852 cores from
44 dykes along the two transects, which provide ∼1170 measurable

plugs (see Table 2). To our knowledge, this constitutes one of the
largest AMS datasets involving the petrofabric analysis of a dyke
swarm, and the only one dealing with a volcanic margin.

The results were obtained using a KLY3S susceptibility bridge
(Geofyzika Brno), which enables a reliable determination of AMS
directions down to anisotropy ratios of 1.001. A tensorial statistic,
based on linear perturbation analysis (Hext 1963), is applied to de-
termine the mean magnetic axes (Jelinek 1978). Although it may un-
derestimate the errors, the results are similar to those obtained from
more complex approaches such as the bootstrap statistical treatment
in the case of homogeneous unaltered mafic rocks (e.g. Lienert 1991;
Tauxe et al. 1998).

4.2 Rock magnetism

We performed susceptibility versus temperature experimental runs
(K–T curves) in order to characterize the magnetic mineralogy. The
K–T curves are measured with a KLY3-CS3 apparatus (Geofysika
Brno), from 0 to 720 ◦C, under a controlled atmosphere. The K–T
curves obtained under argon and under air are remarkably similar,
being almost reversible (Fig. 7a), except for the Erik Den Rødes
(Callot et al. 2001a) and Sarternit dykes. Oxidation due to atmo-
spheric oxygen results in the presence of haematite. The curves are
dominated by Ti-poor titanomagnetite (Curie temperature between
500 and 580 ◦C). In the case of inverse magnetic fabrics, the dykes
display either (1) an irreversible K–T curve (Fig. 7b, dyke 8G), or (2)
a curve similar to the one obtained from normal fabric sites (Fig. 7b,
dyke �) with a higher abundance of maghemite compared with sites
displaying normal fabrics. Nevertheless, site 8G may be interpreted
as showing a Hopkinson peak associated with a high-Ti magnetite.
Inverse magnetic fabrics are thus possibly related either to alteration
of the primary magnetic carriers (with production of maghemite) or
to particular high-Ti content magnetite. These points deserve a par-
ticular treatment which is beyond the scope of the present paper,
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Figure 7. Example of rock magnetic results. (a) K–T curve under low field
for normal fabric dykes: bold line under air; thin line under argon; dashed line
indicates cooling. (b) K–T curves for two examples of inverse fabric, dashed
line for cooling. (c) Day-type plot (Day et al. 1977) for the three zones, with
typical hysteresis loops for pseudo-single-domain and multidomain grains.
(d) Example of isothermal remanent magnetization curves. See details in
text.

since we are focusing on the normal magnetic fabrics which are flow
related.

Saturation of isothermal remanent magnetization (Fig. 7d) is typ-
ical of low-coercivity ferromagnetic minerals, except for the dyke
ν, which contains a slight proportion of haematite. High-field hys-
teresis loops measured at the Saint-Maur Laboratory (IPGP, Paris)
confirm the occurrence of low-coercivity ferromagnetic (sensu
lato) grains. Typical pseudo-single-domain (PSD) loops were mea-
sured together with some quasi-multidomain (MD) loops (Fig. 7c).
Hysteresis parameters are not dependent on dyke generation, the
geographical position or the type of magnetic fabric. The entire
data set defines a classic trend from PSD grains to MD grains, most
probably due to a mixture of real PSD and MD grains with similar
Ti substitution.

4.3 Magnetic susceptibility and ellipsoid

Site mean bulk magnetic susceptibility ranges from 6.8 × 10−3 to
86 × 10−3 SI, with a mean value of (42 ± 21) × 10−3 SI (Table 2).
Such values are indicative of rocks whose magnetic susceptibility
is of mixed paramagnetic and ferrimagnetic origin, the ferrimag-
netic contribution being the greatest (Rochette et al. 1992). Using
the formula of Rochette et al. (1992), the contribution of param-
agnetic silicates (the matrix) should not exceed 5 × 10−3 SI. Thus
the ferrimagnetic particles are the main contributors to the magnetic
susceptibility, with the exception of dyke T (Table 2).

Fig. 8 reports, for each studied transect, the mean magnetic pa-
rameters P′ (degree of AMS) and T (shape factor) (Jelinek 1981).
The Kap Wandel dykes display a low degree of AMS (P ′ < 1.05)
and cluster in the oblate ellipsoidal field (0 < T < 1). Except for
dyke I, the first- and second-generation dykes exhibit an oblate AMS
ellipsoid. The third-generation dykes show moderately neutral el-
lipsoids with a very low degree of AMS (P ′ < 1.04). At Kap Gustav,
the normal fabric dykes have a neutral ellipsoid on average, with
anisotropies ranging from 1.01 to 1.07, whereas the inverse fabric
dykes display a rather prolate magnetic fabric (T < −0.3) of low
anisotropy (P ′ < 1.05, except for dyke ν).

4.4 Representative magnetic fabrics (Fig. 9)

The dyke σ exhibits a typical inverse magnetic fabric (sensu
Rochette et al. 1999), with a good clustering of both K 1 and K 3,
which precludes any further possibility of determining the flow di-
rection (eight dykes): the magnetic lineation corresponds to the dyke
pole, while the magnetic foliation poles are horizontal within the
dyke plane.

Site I displays a normal fabric, and yields well-clustered mag-
netic axes with no imbrication (the mean axes from each margin
are not statistically different). Nevertheless, an important feature of
such dykes is that the magnetic foliation plane is oblique on the
dyke plane. This fabric could be interpreted by a normal-type fabric
sheared during dyke emplacement (Rochette et al. 1991), bearing
no information concerning the flow direction.

We obtain normal magnetic fabrics for 33 dykes (i.e. 75 per
cent). Among them, two dykes show poorly grouped normal fabrics.
No imbrication of the magnetic axes can be recognized in such sites
(e.g. dyke JV15, which only bears a flow lineation). An imbrica-
tion of both magnetic axes is observed in four dykes, thus provid-
ing the most reliable magnetic configuration for flow determination
(dyke JV16). In such cases, flow directions inferred from K 1 and K 3

can be compared and the result considered with good confidence.

C© 2004 RAS, GJI, 159, 816–830
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Figure 8. P′ versus T plots for (a) the Kap Wandel and (b) the Kap Gustav
sampling zones. Errors are quoted at 1σ .

Nevertheless, most of the measured dykes (25 out of 44, or 60 per
cent) show only an imbrication of rather well-clustered magnetic fo-
liation planes that are vertical and close to the dyke plane (dyke θ ).
Magnetic lineations are generally poorly constrained and scattered
within the dyke plane, but with a mean orientation systematically
close to the vertical, parallel to the zone axis of the magnetic folia-
tion planes (Henry 1997). Finally, in four cases (dykes B, D, V, δ),
we measured magnetic fabrics that were identical to the previously
described ones (i.e. with an imbrication of the magnetic foliation
planes at least; compare dykes V and dyke θ ), but with a mean dyke
plane that does not bisect the mean foliation planes.

4.5 Microtextural analysis

In a previous study (Callot et al. 2001a), 20 thin sections were cut
within the magnetic plane of samples from normal fabric sites and
40 representative images were taken to analyse the rock texture, fol-
lowing a protocol using the Intercept software (Launeau & Robin
1996). To supplement this preliminary data set, 70 new photographs
were processed from 32 new thin sections cut within the K 1–K 2 and
K 2–K 3 planes from 17 cores. The results have been presented and
discussed in detail in a previous paper (Geoffroy et al. 2002), and
thus we only point out here the main results. We observed a vari-
able agreement between plagioclase shape-preferred orientation—
assumed to measure the flow-related texture at dyke margins (see
discussion in Varga et al. 1998)—and the magnetic lineation.

The results show that the plagioclase phenocrysts are predomi-
nantly arranged within the magnetic foliation plane (K 1–K 2), which

can thus be truly considered as providing an estimate of the flow
plane orientation. For the Erik den Rødes dykes, we observe a good
agreement within this plane between the plagioclase lineation and
the K 1, with less than 30◦ of angular deviation in ∼60 per cent of
cases (see Fig. 11a). It appears here that magnetic lineation is gen-
erally a good indicator of flow. On the contrary, for the Kap Wandel
dykes, the deviation between K 1 and the plagioclase shape-preferred
orientation within the magnetic foliation plane is greater than 45◦

in 60 per cent of the analysed cases, suggesting that either K 1 or K 2

may be considered as flow indicators.

5 F L O W D I R E C T I O N S I N F E R R E D
F RO M M A G N E T I C FA B R I C S

5.1 Flow vectors at the dyke scale

In this study flow directions are only inferred from sites with normal
magnetic fabrics. In Fig. 9(b), we present several representative
examples of flow-vector determinations taken from the three studied
zones. As far as possible, we have tried to obtain a local flow vector
for each measured sample (and for the pooled samples, a mean
vector for each margin), and a mean flow vector for each margin.
Wherever possible, both of these flow vectors were derived from the
imbrication of the magnetic foliation plane (see Table 3).

The southernmost studied zone has already been investigated us-
ing the imbrication of magnetic lineation (Callot et al. 2001a), so
here we can compare the flow directions obtained from both method-
ologies (i.e. lineation versus foliation methods). In the case of JV16
(Fig. 9b), both the local and mean flow vectors agree closely with
a horizontal westward-directed flow, similar to the flow direction
inferred from the magnetic lineation. Dyke JV15 presents poorly
constrained AMS data that do not show any imbrication, and only
a horizontal flow lineation was inferred (Callot et al. 2001a). Nev-
ertheless, the southern margin yields a rather well-constrained flow
direction derived from the imbrication of magnetic foliation, both at
the plug scale and the margin scale, all consistent with the horizontal
magnetic lineation of the dyke.

Almost 66 per cent of the dykes from the Kap Wandel area yield
consistent flow estimates (see Table 3 and Fig. 9B). The flow vectors
estimated from the pooled plugs are in general consistent with the
mean flow vectors estimated from the mean magnetic axes of each
margin. The flow directions are mostly horizontal and southwest
directed, except for dyke L, which shows a northeastward flow, and
dykes C and G which show downward- and upward-directed flow,
respectively (Table 3). A remarkable feature of our results is the ap-
parent contradiction between the horizontal flow vector, i.e. inferred
from the magnetic foliation, and the on average vertical magnetic
lineation.

The normal magnetic fabrics of the Kap Gustav dykes are ap-
parently similar to those measured at Kap Wandel, with a generally
well-defined imbrication of the magnetic foliation plane, and a bet-
ter clustered vertical magnetic lineation (Fig. 9, dyke θ ). However,
in contrast to the Kap Wandel dykes, the flow vector estimates from
Kap Gustav are of poorer quality, with large uncertainties, although
the magnetic foliation imbrication is generally consistent with hor-
izontal southwestward-directed flow. The few dykes that show re-
liable flow estimates yield horizontal and southward-directed flow
directions.

Several dykes yield results that are in contradiction from one dyke
margin to the other (dyke δ, B, D, H and V). These dykes present a
well-defined imbrication of magnetic foliation planes, but the flow
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Figure 9. (a) Typical AMS configurations encountered; explanation in text. (b) Example of flow vector estimations. Upper row, AMS data; middle row, local
(plug-scale) flow vectors with their means for each margin and for the entire dyke; lower row, flow vectors at the margin scale (compare with Fig. 6). Lower
hemisphere projection.

vectors estimated at one margin are opposite to those obtained at the
other margin, because the measured dyke plane does not bisect the
two magnetic foliation planes from each margin. We thus are unable
to estimate a consistent flow direction in this case, but the AMS
data are apparently flow-related, with an imbrication of foliation
consistent with a subhorizontal flow lineation.

5.2 General pattern of flow

The mean magnetic axes K 1 and K 3 of each normal-fabric site (see
Table 2), are plotted in the dyke reference frame, i.e. the dyke
is rotated to the vertical and along a north–south strike (Fig. 10)
Rochette et al. (1991). In so doing, we obtain a spectacular cluster-
ing of the K 3 axes, which defines an imbrication of the magnetic
foliation planes with respect to the dyke plane. The mean magnetic
foliation poles for the entire data set are horizontal, being offset
from the mean dyke pole by 6◦ anticlockwise and 10◦ clockwise

for the western and eastern margins respectively. This imbrication
shows almost perfectly the expected mirror geometry (compare with
Fig. 5(a); see Tauxe et al. 1998). This also illustrates the scattering
of the magnetic lineations around the vertical mean, which delin-
eates the average foliation plane. As described above, the magnetic
lineations do not define any imbrication and present vertical means
for each margin. Thus, the entire data set presents a magnetic tex-
ture which is remarkably consistent with a general horizontal and
southward-directed flow direction, in agreement with the more scat-
tered local and mean flow vectors.

6 D I S C U S S I O N A N D C O N C L U S I O N

AMS measurements in dykes are used to determine the magma
flow geometry and thus to draw conclusions about the emplacement
mechanism and more generally on the geodynamic evolution of the
studied system. These studies rely on the assumption that (1) the
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Table 3. Flow vector estimates for the Kap Wandel and Kap Gustav dykes. Fv N(S) is the flow vector for the northern (southern) margin. Means of the local
flow vectors are calculated on the northern (southern) margin, with 95 per cent confidence angle. Margin mean flow vectors are determined from the mean of
the low-susceptibility axis (K 3) and the mean trend of each margin. Entries in italic are for reliable estimates of lineation and entries in bold are for reliable
estimates of direction.

Local flow vectors Mean flow vectors

Dyke Fv N α95 Fv S α95 Total α95 Fv N Fv S

A 32/5 15 167/−61 15 137/−61 37 237/37 215/−55
S 229/−30 37 202/6 41 214/−10 29 233/−8 211/5
U 222/−2 26 106/23 ∼90 220/5 12(17/24) 219/0 214/0
B 288/−37 49 60/65 66 281/11 ∼90 258/2 78/0
D 28/20 35 221/−5 54 8/37 73 17/−60 187/77
I 265/25 36 62/37 51 302/65 48 251/7 65/24
M — — — — 255/62 7 251/47 —
N — — 190/−44 70 212/−53 37 251/6 225/−25
O 256/−66 50 219/14 35 226/−13 35 249/3 240/0
P 110/−75 ∼90 87/44 ∼90 92/−1 ∼90 96/−53 258/14
Q — — — — 284/34 44 256/16 —
R 322/−72 34 104/32 ∼90 246/−22 41(12/21) 247/−36 230/18
V 55/−65 67 57/22 57 56/−17 52 247/32 6/66
X 238/14 21 200/−2 80 226/9 35(16/25) 228/−11 205/−44
C 343/74 68 49/52 16 37/63 25 49/70 57/51
F 244/−80 50 226/4 70 230/−48 48 233/−31 235/5
G — — — — 183/−66 48 — 157/−76
H 253/−17 82 55/82 ∼90 256/27 ∼90 66/−11 68/15
J — — — — 253/6 62 249/−2 —
K 244/−35 21 108/33 ∼90 241/−34 46 240/−42 240/−16
L — — — — 71/18 20 — 61/28
T 204/−7 66 216/9 11 213/5 20 215/−7 206/10
ρ — — — — — — 288/72 225/12
κ 6/23 28 227/37 18 279/56 49 223/25 226/32
δ 251/24 12 78/−33 19 125/−48 13 250/22 70/−23
ε — — 99/−60 13 — — — 87/−61
µ 255/−4 8 88/−20 12 — — 76/4 259/8
θ 221/−27 12 209/36 12 207/46 37 227/−2 211/0
α 220/−2 35 — — — — 219/13 —
τ 224/20 20 197/−31 65 238/−39 78 212/11 190/−65

petrofabric is coaxial to the flow fabric and (2) the magnetic fabric
is a measure of the petrofabric. The first assumption is difficult to
establish and is generally not discussed. The second corresponds in
fact to the assumption that the magnetic lineation is a reliable es-
timate of the oxide preferred elongation, i.e. a measure of the flow
lineation, and can be tested. Although a general agreement between
external flow indicators and magnetic lineation is found in several
studies, a number of studies show large discrepancies between those
oriented lineations (Ellwood 1978; Baer 1995; Dragoni et al. 1997;
Geoffroy et al. 2002). In normal magnetic fabric dykes with a planar
magnetic texture the macroscopic magnetic lineation may express
a composite texture (for instance a zone axis of planar texture for
the Greenland dykes) rather than a true estimate of the grain shape
orientation (Callot & Guichet 2003). As most dykes bear oblate
magnetic fabrics, the geometric use of the magnetic foliation plane
avoids any uncertainty about the significance of K 1, and offers an
interesting alternative. It nevertheless remains that each AMS mea-
surement is a complex averaging of several sources of contrasted
intensity and several types of anisotropy. The inherent complexity
of a potentially turbulent magmatic system such as a dyke, together
with the complexity of the measurement itself, precludes any auto-
matic treatment of such data.

The flow directions are remarkably consistent and homogeneous
along the 125 km of margin studied. Although the number of studied
dykes is no more than 10 per cent of the total outcropping dykes,

we may confidently assume that the flow pattern can be broadly
applied to the entire dyke swarm because we sampled dykes from
each recognized generation. The first interesting result is that the
flows are predominantly horizontal (Figs 10 and 11). The second
point is that the flows are practically all directed southwestwards,
i.e. away from the magma centres of Imilik. This flow pattern is
persistent through time, since it concerns the three generations of
intrusions with ages spanning over 4 Myr (Lenoir et al. 2002).
This global flow pattern is remarkably consistent with the proposed
model of a margin fed by lateral injection of dykes from a local-
ized magma reservoir (Geoffroy 2001). Our data suggest that the
entire flood basalt sequence could have been fed through the lat-
eral injection of dykes from crustal magma chambers, followed by
fissure eruptions at the topographic surface. This result stresses the
enormous volume of magma that was transferred from deep-seated
and localized melting zones in the mantle to the crust, through a
very restricted number of magma reservoirs along the continen-
tal margin. Our result can be compared with the already published
flow directions from the Isle of Skye (Inner Hebrides, Scotland,
Geoffroy & Aubourg 1997; Herrero-Bervera et al. 2001), which
belongs to an extinct Tertiary rift zone associated with the North
Atlantic Volcanic Province (Speight et al. 1982; Hitchen & Ritchie
1993). Here, the lavas were fed by the horizontal flow of magma in
dykes injected laterally from magma storage zones located beneath
a central igneous complex.
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Figure 10. Plot of the mean AMS axes for each dyke margin, in dyke coor-
dinates. Circles and continuous line, K 3; squares and dashed line, K 1. Den-
sity contours incremented from 1 per cent. Note the spectacular imbrication
of the mean magnetic foliation pole, which indicates a southward-directed
flow for the entire data set (21 dykes shown).

Figure 11. Synthesis of flow directions obtained for the East Greenland volcanic margin, on map and on vertical cross-sections along-strike.

To a large extent, these results compare well with the proposed
model of Bhattacharji et al. (1996) for the feeding of the Deccan
flood basalts. The Deccan lava pile was fed through the lateral flow
of magmas within dyke swarms located in rift zones bordering the
cratonic lithosphere (Narmada lineament). The systematic occur-
rence of a huge magma centre and associated dyke swarm in LIPs
suggests a similar mode of feeding (see, for example, the Namibian
margin, Bauer et al. 2000). Finally, the present results are remark-
ably similar to the model proposed for the magmatic growth of
slow-spreading ridges (Lin et al. 1990), as observed in the sheeted
complex of the Troodos ophiolite (Staudigel et al. 1992; Abelson
et al. 2001). We should bear in mind that the Greenland flow pattern
is established at a relatively shallow palaeodepth of about 2–4 km
(Hansen 1995), which is also comparable to the dyke swarms em-
placed at mid-oceanic ridges. In all these examples, large igneous
provinces and slow-spreading ridges, the focused ascent of the hot
mantle material and melting seems to govern the whole magmatic
accretion of the crust.
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