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Abstract

In the North Atlantic domain, the SE Greenland volcanic margin developed in response to continental break-up at
57^54 Ma. Progressive tilting and intrusion of dykes reflect a major tectonic seaward-dipping flexing of the
continental crust. We report eight new ages of tilted (pre-flexure) and vertical (post-flexure) dykes, determined by
40Ar/39Ar incremental heating experiments. Despite strong excess argon on plagioclase, measured 40Ar/39Ar plateau
and mini-plateau ages of dykes from detailed step-heating experiments on mineral separates appear reliable and a
systematic difference of ages is found between tilted and vertical dykes. In both studied areas ^ Kap Wandel
(66‡20PN) and Kap Gustav Holm (66‡40PN) ^ tilted dykes show ages of V54^55 Ma whereas vertical dykes are
younger with ages of V51 Ma. Therefore, it appears that the crustal flexing of the volcanic passive margin is a short-
duration event (6 2.9 Ma). These new dates and estimates of finite extensional strain in the studied areas suggest a
lower boundary for extensional strain rates as high as 7B 2U10315 s31. This value is, however, a clear
underestimation as it is difficult to estimate the full finite extension in the studied area. It suggests that the
continental lithosphere at volcanic passive margins is softened by high thermal gradients.
C 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Volcanic passive margins (VPMs) are associ-
ated with the extrusion and intrusion of large vol-
umes of magma (e.g. [1,2]). The magmatism in-
cludes: (1) continental £ood basalts covering large
surfaces that predate plate break-up and (2) melt-
ing products associated geographically and tem-
porally with plate break-up [3,4]. These break-up
products include: (1) thick sequences of lava £ows
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and tu¡s constituting seaward-dipping re£ector se-
ries (SDRS [5]) that may partially be exposed on-
shore [6,7] and which are fed by (2) coast-parallel
dyke swarms and central intrusions and (3) postu-
lated highly ma¢c magma underplated at Moho
level (e.g. [8]). According to most authors, this vol-
uminous magmatism during break-up is associated
with a thermally anomalous mantle predating and
accompanying plate break-up [1,9^11].

One of the more striking aspects of VPMs is the
existence of a major crustal-scale seaward-dipping
£exure of the margin. This £exure is expressed by
lava £ows in SDRS showing increase of dip with
depth and progressive tilting of dykes feeding
SDRS towards the ocean (e.g. [7,12^15]). Sea-
ward-dipping lavas at SDRS have formerly been
interpreted in Iceland as a progressive elastic £ex-
ion of the lithosphere beneath the increasing-with-
time weight of the lava piles [16]. This gravita-
tional interpretation did not take into account a
possible dynamic stretching of the lithosphere.
However, that the origin of these upper-crustal
£exures is associated with the stretching of the
lithosphere is now strongly suggested at VPMs
from, notably, structural studies [6,7,14,15]. Syn-
tectonic and syn-magmatic development of these
upper-crustal £exures, which resemble syn-mag-
matic roll-over anticlines, is shown by the fan-
like geometry of the lava piles controlled by con-
tinentward-dipping normal faults (e.g. [6,7,14]).
Therefore, at VPMs, crustal extension results
from both plumbing of the crust by dyke swarms
(magmatic dilatation) and tectonic extension
undertaken by continentward-dipping faults.

Assuming that seaward-dipping £exures at
VPMs are the crustal expression of lithosphere
stretching, the aim of this paper is to estimate
the rate of crustal extension from geochronology
of a VPM £exing. The average rate of crustal
extension is the ratio between ¢nite extension
and duration of stretching (i.e. margin £exing).
High rates of crustal extension have been sus-
pected at VPMs from the widespread occurrence
of pseudotachylytes (e.g. [17]). More precisely, the
age and duration of crustal £exure at VPMs can
be estimated in two ways: (1) dating the duration
of syn-tectonic basalt £ow extrusion in SDRS or
exposed seaward-dipping basalts or (2) dating the

duration of dyke emplacement, i.e. determining
the precise time span between dykes injected in
the earliest steps of crustal £exing and dykes in-
jected when the £exing was just ¢nished.

To estimate the average strain rate at a VPM,
the volcanic margin of East Greenland is prob-
ably the best example. Indeed, the East Greenland
Tertiary VPM is well exposed because of the up-
lift caused by the passage of the Iceland hotspot
beneath the margin and recent isostatic rebound
from glacial erosion (e.g. [18] and references here-
in). This paper focuses on the Coastal Dyke
Swarm (CDS) which crops out in the eroded mar-
gin of SE Greenland (south of Kangerlussuaq
area; Fig. 1) because this area has a relatively
simple tectonic history during plate break-up in
the North Atlantic domain [19]. The CDS corre-
sponds to the most internal part of the margin
which continues o¡shore.

Nearly only K/Ar ages are available for dykes
[20] and published recent 40Ar/39Ar ages concern
mainly £ood basalts [21^24] and ma¢c intrusions
[25^27] (see Table 1). K/Ar ages show a large
dispersion as the result of alteration and variable
amounts of excess 40Ar [20] which is also shown
by some recent 40Ar/39Ar measurements on dykes
and sills [27]. In this view, the interval age of
£exure at 50^52 Ma as proposed by Noble et al.
[20] should be strengthened. Schwarz et al. [28]
proposed that £exure occurs in a time interval
of 250 kyr on the basis of a probable cooling
history for the Skaergaard intrusion. However,
no dating supports this time interval which is
strongly dependent on estimates of many factors
such as cooling rates, temperature distribution
and latent heat. For these reasons, we performed
detailed 40Ar/39Ar geochronology on basaltic
dykes with the aim of determining the age and
duration of coastal £exure. Bracketing in time
the crustal £exure provides an estimate of strain
rates in the internal part of the East Greenland
VPM with major implications for crustal rheology
during break-up over a thermal anomaly.

2. CDS of East Greenland

The CDS is well exposed on land along 350 km
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of the uplifted coast of East Greenland, particu-
larly between Kap Wandel, Nigertuluk and Kan-
gerlussuaq (Fig. 2) where thick lava piles of con-
tinental £ood basalt have been removed by
erosion (s 3 km [29]). The CDS trends approxi-
mately SW^NE for 250 km southwest of Kanger-
lussuaq, and E^W for 100 km to the east. These
two branches of the CDS and a minor dyke

swarm parallel to Kangerlussuaq fjord have
been described as a triple rift junction [15,30].
The SW^NE branch of the CDS is subdivided
into two major en e¤chelon segments (100 km in
length) which are separated by a large sinistral
o¡set at Kruuse Fjord intrusion [13,31]. Minor
subdivisions of the CDS occur at a smaller scale
(few tens of kilometers) in both branches. These

Fig. 1. Localization of the break-up axis, and distribution of seaward-dipping re£ector sequences, continental £ood basalts and
CDSs in the North Atlantic domain. The inferred continent/oceanic boundary lies at the transition between £ood basalts with
landward structure and SDRs. Selected sea£oor-spreading anomalies are shown by dashed lines. The thick straight line locates
the schematic cross-section across the margin shown in Fig. 2. K=Kangerlussuaq; JMFZ=Jan Mayen Fracture Zone. After
Larsen and Saunders [57].
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latter structures correspond to the second- and
third-order segmentation of the East Greenland
margin, respectively [15].

The internal structure of the CDS appears to
have been constructed by multiple generations of
partially overlapping, laterally discontinuous
swarms [13,31]. In general, dykes are roughly par-
allel to the coast although older dykes have a
more easterly strike than younger dykes [31]. Old-
er dykes dip landward as a result of the seaward
£exing of the crust [14,15]. The £exure is well
marked by the seaward increase in tilting of the
dykes. Younger cross-cutting dykes also dip land-
ward but much more steeply or are vertical
[15,31]. Therefore, the CDS presents an asymmet-
ric fanning geometry in cross-section. Younger
dykes are generally thinner than older dykes and
their density increases toward the sea [13,31].

Petrological and geochemical studies of the
CDS in the Kangerlussuaq area [32,33] and in
the southern part of the dyke swarm [34] have
shown that dyke intrusion records a wide spec-
trum of magmatic compositions from tholeiites
and picrites to transitional and alkalic varieties.
Older, tilted (pre-£exure) dykes are mainly picrites
and tholeiites whereas younger, near-vertical
(post-£exure) dykes have transitional-tholeiitic

and alkaline compositions [31,32,34]. Only K/Ar
ages of basalts from CDS in the Kangerlussuaq
area have been published previously [20]. The re-
sults show a large dispersion of K/Ar ages from
35 to 300 Ma suggesting that the oldest ages are
due to excess argon. Nevertheless, by tentatively
selecting valid ages (apparently not a¡ected by
excess argon), Noble et al. [20] proposed that
pre-£exure and post-£exure dykes were intruded
between 51 and 53 Ma, and 49 and 51 Ma, re-
spectively, and that the £exure formed around the
interval 52^50 Ma.

3. Sampling and analytical procedure

We sampled 12 pairs of basaltic dykes along
pro¢les across the margin in the southern part
of CDS at Kap Wandel and Kap Gustav Holm
(Fig. 2). Each pair of dykes is composed of one
tilted dyke and one cross-cutting vertical dyke
with the angular di¡erence of dip ranging from
25 to 45‡ (Fig. 3A). This sampling estimates the
local duration and the rate of £exing. We assume
that pre- or syn-£exure dykes were intruded sub-
vertically and progressively tilted during £exing.
In this scheme, only post-£exure dykes are vertical

Table 1
Summary of published recent 40Ar/39Ar ages on ma¢c intrusions and lavas

Magmatic structure Locality 40Ar/39Ar age Ref.
(Ma)

Ma¢c intrusions Skaergaard 55.65 to 55.75B 0.3 [25]
Imilik, intrusion II 56.2B 0.6 [27]
Imilik, intrusion III 49.2B 0.2; 49.8B 0.2 [27]
Lilloise 50.0B 0.4 [27]
Kap Edward Holm 48.8B 0.2; 49.4B 0.2 [26,27]
Nodre Aputite“p 48.0B 0.2 [26]
Kruuse Fjord 48.0B 1.2 [27]
Igtutarajik 47.0B 0.2 [27]

Sill complex Sorgenfri Gletscher 56.0B 0.4; 56.3B 0.9 [27]
Onshore lavas Scoreby Sund 54.5B 4.1 to 57.8B 4.5 [21]

Blosseville Kyss around 59^60 (lower series) [23]
around 54^57 (middle series) [23]

Igertiva around 49.0^47.9 [27]
SDRs Leg 152, Hole 917 60.1B 0.8 to 62.3B 1.4 [22]

Leg 152, Hole 918 51.9B 0.8 [22]
Leg 163, Hole 989B 57.1B 1.3 [24]
Leg 163, Hole 989A 55.6B 0.6 and 55.8B 0.7 [24]
Leg 163, Hole 988 49.6B 0.2 [24]

Errors are at the 1c level, except for [22,25] (2c).
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(Fig. 3B). Several arguments support this assump-
tion: (1) a roughly right angle between older tilted
dykes and lowest tilted £ows where dykes and
lava £ows are present [12,13,15,32], (2) very steep
dipping of older dykes in areas where there is no
evidence of Tertiary deformation [15] and (3)
large post-cooling rotation of older dykes shown
by some paleomagnetic data [35]. New paleomag-
netic data on dykes from Kap Wandel and Kap
Gustav Holm, which include some of the dated
dykes, agree with a sub-vertical intrusion of pre-
£exure or tilted dykes [36].

All dykes intrude a Precambrian basement of
layered amphibolite gneiss. In both investigated
localities, tilted dykes are generally thick (6^20
m) and have a doleritic texture whereas vertical
dykes are thinner (6 5 m) and have a microdoler-
itic or microlitic porphyric texture. In both cases,

the primary mineralogy is homogeneous with pla-
gioclase (An40�70), calcic augite, Fe^Ti oxides,
scarce olivine and rare amphibole or biotite ex-
cept for JV276 and JV264 where large amounts
of Ti^Fe pargasite and biotite are present, respec-
tively. Alteration a¡ects all samples to various
degrees. Plagioclases show various degrees of ser-
icitization and olivine is generally replaced. Chlo-
rite is a common secondary phase. Tilted and ver-
tical dykes from Kap Wandel have tholeiitic and
transitional to alkaline compositions, respectively.
No similar feature was clearly established for
dykes from Kap Gustav Holm [36].

On the basis of alteration criteria, we selected
four dyke pairs among the freshest samples for
40Ar/39Ar dating (Fig. 2). Alteration a¡ects all
selected samples to various degrees, but the alter-
ation of the analyzed minerals is detected by the

Fig. 2. Location of two sampling areas in the East Greenland volcanic margin. Insets, above: map of Greenland; below: maps
of both study areas with location of sample pairs. In maps A and B, black lines correspond to contours (percent) of magmatic
dilatation of the crust from dyke intrusion into the Precambrian crust [36].
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37ArCa/39ArK ratio (see below). Plagioclase grains
(100^200 Wm fraction) were separated using a
Frantz magnetic separator and carefully selected
by hand-picking under a binocular microscope to
prevent the presence of altered grains in mineral
separates. Amphibole grains (250^400 Wm frac-
tion) and biotite grains were directly sampled
out of crushed whole rocks. The weight of bulk
samples ranges from 10 to 40 mg for plagioclase,
and is about 40 mg and 2 mg for amphibole and
biotite, respectively. The samples were irradiated
in the nuclear reactor at McMaster University in
Hamilton, ON, Canada, in position 5c. The total
neutron £ux density during irradiation was
8.82U1018 n/cm2 except for JV370, where it was
about 3.15U1018 n/cm2. We used the HB3gr
hornblende with an age of 1072 Ma [37] as a
£ux monitor, except for JV370 for which Fish
Canyon sanidine at 28.02 Ma [38] was used. The
bulk samples were step-heated with a double-vac-
uum high-frequency furnace directly connected to
a 120‡/12 cm M.A.S.S.E. mass spectrometer
working with a Bau«r-Signer source and a Balzers
SEV 217 electron multiplier. For a single grain of
amphibole, gas extraction was carried out with a

50 W SYNRAD CO2 continuous laser. Isotopic
ratios were measured using a VG3600 mass spec-
trometer, working with a Daly detector system.
The typical blank values for extraction and puri-
¢cation of the laser system are in the range
4.2^8.75, 1.2^3.9 and 0.3^0.5U10313 cc STP for
masses 40, 39 and 36, respectively (measured
every third step) whereas argon isotopes measured
on the amphibole single grain were on the order
of 16^1000, 20^1500 and 0.3^10 times blank level,
respectively. Correction factors for interfering
isotopes were (39Ar/37Ar)Ca = 7.06U1034, (36Ar/
37Ar)Ca = 2.79U1034 and (40Ar/39Ar)K = 2.97U
1032. Decay constants are those of Steiger and
Ja«ger [39]. Uncertainties on apparent ages are giv-
en at the 1c level and do not include the error on
the 40Ar*/39ArK ratio of the monitor. Uncertain-
ties on plateau and mini-plateau ages are given at
the 2c level and do not include the error on the
age of the monitor.

4. 40Ar/39Ar results

The precise dating of dykes from the East

Fig. 3. (A) Photograph showing ¢eld relationship between distinct generations of dykes which progressively intruded the East
Greenland volcanic margin during the £exure. (B) Schematic cartoon showing the relationship between dyke swarm structure and
£exure. During progressive tilting of the margin, continuous intrusion of dykes re£ects the evolution of the £exure. Dykes are as-
sumed to have been initially intruded vertically and progressively tilted during the £exure.
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Greenland margin is very di⁄cult because of ex-
cess argon; all whole rock and plagioclase and
amphibole separates show saddle-shaped age
spectra. The excess argon is probably due to a
contamination of the magma by the basement in
which the dykes are intruded. Most of the rocks
of the basement are probably strongly enriched in
radiogenic 40Ar as a result of radiogenic decay
from potassium (Precambrian and K-rich rocks).
In order to minimize the e¡ect of excess argon, we
performed very detailed age spectra on minerals
that may allow di¡erentiation between radiogenic
argon (dominantly released at intermediate tem-
perature) and argon in excess (mainly visible at
low and high temperatures on saddle-shaped age
spectra). In the case of no or a small amount of
alteration phases, and several intermediate tem-
perature steps giving concordant apparent ages,
we may assume that the contribution of excess
argon on this £at section of the spectrum is negli-
gible and consequently that this ‘mini-plateau age’
is valid. Therefore, we have de¢ned ‘plateau or
mini-plateau ages’ with the following criteria:
(1) at least three successive steps are included in
the plateau age, (2) the integrated age of the pla-
teau should agree with each apparent age of the
plateau within a 2c con¢dence interval. In this
study, we do not de¢ne a minimum percentage
of 39Ar released for the plateau age (that is un-
usual for Ar/Ar geochronology), in order to ap-
proach the best estimate of the true age. There-
fore, we may exclude some apparent ages on both
sides of the mini-plateau age (that could be in-
cluded in the plateau, if we strictly follow the
criteria previously given), but that are clearly af-
fected by excess argon (this is for instance the case
for steps 6 and 12 of the plagioclase JV418, which
we exclude from the accepted age).

Detailed and synthetic data are given in Tables
21 and 3, respectively. The inverse isochron data
(36Ar/40Ar vs. 39Ar/40Ar) are also given in Table 3,
but the diagrams are not shown. All data ob-
tained on plagioclases are very clustered on these
diagrams because of nearly similar atmospheric
compositions, and consequently the initial 40Ar/
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36Ar ratio is mostly poorly de¢ned. Nevertheless,
in some cases, we could verify that the initial ratio
is atmospheric, and therefore that the selected
mini-plateau ages are not a¡ected by signi¢cant
excess argon (JV371, 418, 510).

At Kap Gustav Holm (Fig. 2), two pairs of
dykes were investigated. The ages of the ¢rst
pair (JV509 and JV510) were measured on plagio-
clase bulk samples. Both samples display saddle-
shaped age spectra characterized by discordant
mini-plateau ages of 54.7 B 1.5 Ma for the tilted
dyke (JV509) and 48.0 B 2.8 Ma for the vertical
dyke (JV510) corresponding to 36 and 50% of the
total 39Ar released, respectively (Fig. 4). The Ca/
K ratio of JV510, which is proportional to the
ratio 37ArCa/39ArK (with the relationship Ca/
K=1.83U37ArCa/39ArK) is not constant on the
plateau fraction (between 12.4 and 31.5), but is
in good agreement with Ca/K ratios which are
measured on plagioclase with the microprobe
(boxplots in Fig. 4). This shows that the 37ArCa/
39ArK variations in the plateau fraction probably
correspond to nearly pure plagioclases. JV509 dis-
plays a constant 37ArCa/39ArK ratio on the plateau
fraction, which corresponds to similar Ca/K ratios
obtained with the microprobe, and therefore to
pure plagioclase. For the second pair, the amphi-
bole single grain from the tilted dyke (JV276) pro-

vides a plateau age of 53.9 B 0.6 Ma for 84% of
the total 39Ar released, with a slight excess argon
restricted to the lowest temperature steps. The
bulk sample of amphibole shows a saddle-shaped
age spectrum with a minimum apparent age of
54.2 B 0.3 Ma, concordant with the single-grain
plateau age. In both cases, the analyzed amphi-
bole corresponds to a pure mineral as shown by
the corresponding 37ArCa/39ArK ratio spectrum
(Fig. 4). The presence of higher excess argon in
the bulk sample may indicate that the excess is
not homogeneously distributed in the amphibole
population. The biotite bulk sample from the ver-
tical dyke (JV264) displays a signi¢cantly younger
plateau age of 51.0 B 0.3 Ma for 91% of the total

C

Fig. 4. Detailed 40Ar/39Ar age and 37ArCa/39ArK ratio spectra
obtained on mineral separates from dyke pairs of Kap Gus-
tav Holm, East Greenland (see Fig. 2). Uncertainties on ap-
parent ages are given at the 1c level, whereas uncertainties
on plateau and mini-plateau ages are given at the 2c level.
Tilted and vertical dykes are in light and dark gray, respec-
tively. All dating was performed on mineral bulk samples ex-
cept for JV276 for which one single grain of amphibole was
used. To compare with 37ArCa/39ArK ratio spectra, boxplots
of 37ArCa/39ArK ratios, which were calculated from micro-
probe analysis, are also shown. The box depicts the central
part of the analysis distribution, roughly between the 25th
and 75th percentiles. The line across the box displays the me-
dian value of the distribution. Lines extending from the box
represent the range of observed values between the 10th and
90th percentiles. Open and closed circles correspond to mean
of analysis distribution and individual analysis outside these
distribution boundaries, respectively (see Table 3 for statisti-
cal information). The sizes of microprobe-analyzed grains are
representative of dated mineral grain size. Am: amphibole,
Bt: biotite; Pl: plagioclase.
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39Ar released. A slight chloritization of the ana-
lyzed biotite is possible (but not demonstrated) as
shown by the increase of apparent age at low
temperature (6 6% of the total 39Ar released)
but it should not a¡ect the plateau age. The iso-
chron plot displays a concordant age of 50.4 B 0.4
Ma and an atmospheric initial 40Ar/36Ar ratio of
295.8 B 1.5 (MSWD=1.9).

On dykes from Kap Wandel, all ages were mea-
sured on plagioclase bulk samples. For the ¢rst
dyke pair, age spectra display mini-plateau ages at
54.3 B 2.2 Ma for the tilted dyke (JV371) and
51.4 B 0.7 Ma for the vertical dyke (JV370) corre-
sponding to 54% and 23% of the total 39Ar re-
leased, respectively (Fig. 5). Sample JV371 shows
a moderate variation of the 37ArCa/39ArK ratio on
the plateau fraction, but any e¡ect of alteration is
probably low because of the agreement between
microprobe and isotopic determinations of Ca/K
ratios (Fig. 5). For sample JV370, the plateau
fraction corresponds to the highest and £at part
of the 37ArCa/39ArK ratio spectrum. For the sec-
ond dyke pair, tilted (JV418) and vertical (JV419)
dykes show remarkably similar age spectra with
mini-plateau ages of 54.5 B 1.9 Ma over 39% of
39Ar released and 51.1 B 1.4 Ma over 50% of
39Ar released, respectively (Fig. 5). In both cases,
the regularity of the 37ArCa/39ArK ratio spectra
demonstrates the high purity of the analyzed
grains (Fig. 5).

5. Discussion and conclusion

5.1. Bracketing in age the coastal £exure

All the plagioclase grains display saddle-shaped
age spectra, demonstrating the existence of excess
argon. Amphibole (laser experiment) and biotite
from one pair of dykes from Kap Gustav Holm
display plateau ages de¢ning an age di¡erence of
2.9 Ma (between 2.0 and 3.8 Ma when we take
into account the errors) between the emplacement
of the tilted and the vertical dykes. When we ex-
amine the previously mentioned ‘mini-plateau
ages’ displayed by plagioclase age spectra, we sys-
tematically observe an older age for the tilted
dykes. Moreover, (1) the tilted dykes give concor-
dant mini-plateau ages (54.3 B 2.2, 54.5 B 1.9 and
54.7 B 1.5) in agreement with the amphibole pla-
teau age of 53.9 B 0.6 Ma, and (2) the vertical
dykes give concordant mini-plateau ages
(51.4B 0.7, 51.1 B 1.4 and 48.8 B 2.8 Ma) in agree-
ment with the biotite plateau age of 51.0 B 0.3
Ma.

All the isochron ages are concordant with pla-

Fig. 5. Detailed 40Ar/39Ar ages and 37ArCa/39ArK ratio spec-
tra obtained on mineral separates from dyke pairs of Kap
Wandel, East Greenland (see Fig. 2). Legend as for Fig. 4.
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teau and mini-plateau ages, but the clustering of
data on plagioclases on these diagrams does not
make it possible to provide useful information on
the ages. Nevertheless, and despite their large er-
rors, the initial 40Ar/36Ar ratios do not show evi-
dence of signi¢cant excess argon that could induce
too high ages on the selected gas fractions. Con-
sequently, and although these minimum inter-
mediate temperature ages (calculated on more or
less low gas fractions) strictly represent minimum
ages, because of: (1) the £atness of the mini-pla-
teaus, (2) the concordance of data on plagioclase,
biotite and amphibole obtained on the same fam-
ily of dykes (vertical or tilted) and (3) the absence
of evidenced excess argon (from the best de¢ned
initial 40Ar/36Ar ratios), they probably represent
reasonable estimates of the age of emplacement of
these dykes. Such a conclusion was previously
suggested by Deckart et al. [40] for plagioclases
from dykes a¡ected by excess argon. Moreover,
we have seen that alteration phases are nearly
absent on the corresponding gas fractions, as
shown by the 37ArCa/39ArK ratio.

Fig. 6 shows age di¡erences (without taking
into account errors) between tilted and vertical
ages ranging from 2.9 to 6.7 Ma, and probably
more realistic values on the order of 2.9 Ma dis-
played by the more precise amphibole and biotite
plateau ages. Finally, these measured ages of
tilted and vertical dykes are in good agreement
with recently published 40Ar/39Ar ages on ma¢c
intrusions, onshore £ood basalts and SDRS (Ta-
ble 1). Ages of tilted and vertical dykes could
correspond to the second (54^57 Ma) and third
(50^47 Ma) pulses of tholeiitic magmatism pro-
posed by Tegner et al. [27], respectively.

So, two generations of dykes at Kap Wandel
and Kap Gustav Holm are identi¢ed: (1) a tilted
swarm at 54^55 Ma and (2) a vertical swarm at
around 51 Ma (Fig. 6). To estimate the true sig-
ni¢cance of this time span, several features must
be taken into account, such as strikes of dykes in
comparison with the presumed axis of £exure, in-
itial (post-injection) dip of tilted dykes and delay
time between injection of early dykes and devel-
opment of the £exure.

At Kap Wandel, average strikes of dykes range
from N38‡E to 30‡E and from N38‡E to N19‡E

for tilted and vertical dykes, respectively. At Kap
Gustav Holm, they range from N44‡E to N27‡E
without possible trend distinction between the two
generations of dykes [31,36]. Strikes of dated
dykes generally agree with these features (see Ta-
ble 3). Tilted dykes in ¢rst approximation keep
similar trends whereas their dips vary consider-
ably with values ranging from 80‡ to 60‡NW,
and from 80‡ to 40‡NW at Kap Wandel and
Kap Gustav Holm, respectively [31,36]. It appears
therefore that the presumed axis of £exure must
be comparable to the constant average strike of
tilted dykes which, probably, injected throughout
the margin £exing (see also [41]). Therefore, the
dip of dykes as a result of £exing was not signi¢-
cantly a¡ected by their injection strike.

In the two studied areas, all the observable
east-dipping dykes (280 intrusions) were geometri-
cally cross-cut by vertical or sub-vertical dykes.
Along the whole CDS, the vertical dykes form a
distinct set from the others not only from their
dip but also from their chemistry [34,36]. It ap-
pears evident that the vertical attitude of these
transitional to alkaline-type ubiquitous dykes is
inherited from their injection and that they there-
fore clearly postdate the £exing of the crust. One
may consider the hypothesis that some, at least,
of the tilted dykes could have been injected ob-
liquely. Taking dykes as mode-I intrusions, this

Fig. 6. Systematic age di¡erence between tilted and vertical
dykes. Light and dark gray circles correspond to tilted and
vertical dykes, respectively. Uncertainties on ages are given
at the 2c level.
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could be a consequence of oblique principal
stresses during crustal £exure [42]. Alternatively,
considering the principal stresses as vertical and
horizontal, a possible mixed-mode tension-shear
injection may also be invoked in inherited frac-
tures [43] or even as newly formed intrusions
[44]. In this latter case, one could expect some
‘conjugated’ dykes (i.e. eastward-dipping), a fea-
ture that we did not observe along the CDS sec-
tions that we investigated. No ¢eld observations
support the former case in the studied areas. The
assumption that tilted dykes were non-vertical
dykes when they were injected is thus far the
harder to defend and anyway does not explain
the progressive incremental tilt of this tholeiite-
type generation.

Because the sampled titled dykes display the
most gentle dip, it is likely that these dykes in-
truded the crust prior to or just at the beginning
of the coastal £exure. Likewise, vertical dykes
probably intruded the crust after the £exure be-
cause they are apparently not a¡ected by any tilt-
ing related to the £exing. A delay time between
the end of £exing and intrusions of vertical dykes
may exist. Therefore, our estimation of £exure
duration must be considered as a maximum value,
and the £exure of the East Greenland margin de-
veloped between 54 Ma and 51 Ma with a max-
imum duration of about 2.9 Ma (2.0^3.8 Ma with
errors). This time interval is larger than that
which is proposed by Schwarz et al. [28], about
250 kyr. However, our time interval is strongly
constrained by datings contrary to Schwarz et
al. [28]. Our estimation of the lower and upper
limits of £exure age seems reliable because: (1)
recent 40Ar/39Ar ages obtained on the tilted intru-
sion of Skaergaard imply that the onset of £exure
was after 55.5 B 0.76 Ma [25] ; (2) the end of £ex-
ing occurred before V50 Ma as a result of K^Ar
(51B 2 Ma) and Rb^Sr (50B 3 Ma) mineral ages
obtained on biotites from granite and monzonite
plutons in the Kap Gustav Holm center which are
apparently not tilted [45].

5.2. Evaluation of the crustal extension rate at the
East Greenland VPM

In a VPM, the full ¢nite horizontal extension of

the crust should be determined by the sum of:
(1) crustal stretching through ductile boudinage
and normal faulting and (2) magmatic dilatation
resulting from the intrusion of dykes. Unfortu-
nately, the amount of tectonic stretching by faults
is poorly known at the VPM of East Greenland
around the studied area. Nevertheless, a quantita-
tive estimation of tectonic extension could be sim-
ply given using a pure-shear model for lithospher-
ic deformation. In this scheme, the percentage of
tectonic extension could be evaluated by the ratio
between the thickness of thinned crust along the
VPM and normal crust taken outside the VPM
(e.g. [46,47]).

On the basis of seismic line 2 from the Sigma
experiment [8] and a P-wave velocity up to 7.0
km/s for the lower continental crust ^ whereas
the underplated igneous crust presents a P-wave
velocity ranging from 7.2 to 7.5 km/s [48] ^ the
thinned crust has presently a thickness of about
25 km in the study area. The reference thickness
of the unstretched crust beneath Greenland is un-
known. However, the extremity of seismic line 2
[8] used some land seismometers. The calculated
thickness of the crust increases up to 29 km con-
tinentward 50 km from the coastline taking a ve-
locity of 7.0 km/s for the continental crust. This
indicates that the L factor of crustal thinning
along the coast would reach a minimal value of
1.14, i.e. 14% tectonic extension.

The magmatic dilatation is evaluated from the
ratio between the sum of thickness ^ considering
both strike and dip ^ of dikes and the length of
the cross-section for the inner, middle and outer
parts of the margin. A value of 50% for magmatic
dilatation is calculated at the emplacement of
dykes in accordance with both our ¢eld deter-
minations and the published map of magmatic
dilatation [49]. Note that crustal dilatation by
dyking has no major e¡ect on crustal thinning
contrary to crustal extension through faulting/
£exing in the upper crust and ductile £ow in the
lower crust.

Therefore, the full ¢nite horizontal extension
along this part of the coastline of East Greenland
could be estimated to be up to 64% providing a
strain rate value of 7U10315 s31. The propagation
of age uncertainties for £exure duration on strain
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rate calculation gives an uncertainty of 2U10315

s31. It should be noted that uncertainties on the
crust thickness have a smaller e¡ect than uncer-
tainties on ages, as an uncertainty of 2 km on
both the thickness of pre-rift and actual crust
gives an error of only 0.5U10315 s31.

The calculated strain rate value is very high but
it constitutes a lower limit. The true value of
strain rate must indeed be signi¢cantly higher
considering that the time interval between pre-
£exure and post-£exure dykes of 2.9 (2.0^3.8
Ma with errors) Ma is a maximum (see above).
In addition, provided the thickness of the conti-
nental crust beneath the Inlandsis is higher than
29 km (such is the case north of Scoreby Sund
where it is up to 47 km [50]), this also consider-
ably increases this value of strain rate. We thus
demonstrate that strain rates are very high at
VPMs compared to strain rates of intracontinen-
tal rift basins or non-VPMs which range from
10317 to 10315 s31 [51] and 10316 to 6U10315

s31 [52], respectively. Such high strain rates could
be linked with the occurrence of Tertiary pseudo-
tachylytes in East Greenland [17] but pseudo-
tachylytes form at much higher strain rates and
relate to di¡erent time-scale phenomena (seismic
faulting, e.g. [53]). Our results are in agreement
with the evidence for a short-term tilting of Skaer-
gaard intrusion [28].

This high strain rate could be interpreted as
resulting from high thermal £ux at VPMs. Indeed,
high thermal £ux is thought to lead to a localized
weakening of the lithosphere and narrowing of
the deformation zone in the lithosphere (e.g.
[54]). Crustal thinning is clearly imaged at VPMs
(e.g. [8,48,55]). On the other hand, the duration of
the rifting stage at non-volcanic rifts and passive
margins ranges from 14 to 275 Ma [56]. Even if
the 2.0^3.8 Ma time span calculated in the studied
area may not re£ect the whole duration of exten-
sion along the East Greenland rift (oceanward rift
jumps may have occurred) the duration of the
rifting stage seems signi¢cantly lower (one or
two orders) at VPMs compared to non-volcanic
break-up areas. All these data lead to the sugges-
tion that the lithospheric break-up above a mantle
plume is a ‘catastrophic’ phenomenon as previ-
ously suggested by Hinz [5].
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