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Abstract

Late Carboniferous—Early Tertiary apparent polar wander (APW) paths (300-40 Ma) for North America and Europe
have been tested in various reconstructions. These paths demonstrate that the 500 fathom Bullard et al. fit is excellent
from Late Carboniferous to Late Triassic times, but the continental configuration in northern Pangea changed
systematically between the Late Triassic (ca. 214 Ma) and the Mid-Jurassic (ca. 170 Ma) due to pre-drift extension. Best
fit North Atlantic reconstructions minimize differences in the Late Carboniferous—Early Jurassic and Late Cretaceous—
Tertiary segments of the APW paths, but an enigmatic difference exists in the paths for most of the Jurassic, whereas for
the Early Cretaceous the data from Europe are nearly non-existent. Greenland’s position is problematic in a Bullard et
al. fit, because of a Late Triassic—Early Jurassic regime of compression (> 300 km) that would be inherently required
for the Norwegian Shelf and the Barents Sea, but which is geologically not defensible. We suggest a radically new fit for
Greenland in between Europe and North America in the Early Mesozoic. This fit keeps Greenland ‘locked’ to Europe
for the Late Paleozoic—Early Mesozoic and maintains a reconstruction that better complies with the offshore geological
history of the Norwegian Shelf and the Barents Sea. Pre-drift (A24) extension amounted to approximately 450 km on
the Mid-Norwegian Shelf but with peak extension in the Late Cretaceous.
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1. Introduction ning with anomaly A33 (73.619-79.075 Ma) or
A24 (52.364-53.347 Ma) which are the oldest

Magnetic anomaly fits have been used exten- chrons identified in the Labrador Sea and the
sively for North Atlantic reconstructions, begin- North Atlantic, respectively [1-3]. It is well

known that reconstructions for older times differ
from those based on the oldest magnetic anoma-
lies, because the latter do not account for pre-drift
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not superimpose when using magnetic anomaly
fits or ‘backward’ extrapolated fits (stage-poles)
even though these may attempt to account for
some intra-plate deformation due to pre-drift ex-
tension (e.g. [4]). However, we argue that the rel-
ative position of continents for pre-drift periods
can be well determined when sufficiently reliable
paleomagnetic data are available [5-7]. The net
difference between such a paleomagnetic fit and
a fit commencing with the first magnetic anomaly
would approximate pre-drift extension. As we will
show in this study, this works well for the North
Atlantic, even though for the Late Jurassic and
Early Cretaceous the paleomagnetic data either
are too scarce or have questionable reliability.

The majority of Pangea reconstructions are es-
sentially for the Late Triassic/Early Jurassic and
assume insignificant post-Permian intra-plate de-
formation. However, Lottes and Rowley [4] did
incorporate some syn- to post-Late Triassic in-
tra-plate deformation along with the sea-floor
spreading history into their reconstructions, but
domains of Mesozoic extension around the North
Atlantic, including the North Sea, the basins off-
shore Norway and Greenland, and the Barents
Shelf were not included. The amount of pre-Cre-
taceous extension in the Rockall area, northwest
of the UK and the Irish continental margins, is
also debated [8].

Several pre-drift reconstructions of the North
Atlantic exist in the literature and one of these
[9] is based on least-square fitting of 500 fathom
(ca. 900 m) contours across the North Atlantic.
Van der Voo [6,7] has shown that this reconstruc-
tion is superior to all others in matching North
American and European paleopoles from Mid-Pa-
leozoic to Jurassic times. For this reason, many
Mid-Paleozoic to Early Mesozoic reconstructions
employ the Bullard et al. [9] reconstruction for
Laurentia (North America, Greenland and Scot-
land) and Baltica/Stable Europe (e.g. [10,11]).
While this reconstruction may also be the best
approximation of the initial opening configuration
of the North Atlantic (e.g. [12]), a fundamental
problem remains: did any early extension occur
in this pre-drift reconstruction [9] and when did it
change to the fit based on the oldest anomalies?
In order to shed some light on these issues we

have undertaken a comprehensive up to date
compilation and analysis of Late Paleozoic—Cen-
ozoic paleomagnetic data from the North Atlantic
bordering continents (Fig. 1). We have generated
new apparent polar wander (APW) paths, devel-
oped best fit North Atlantic reconstructions, and
discussed their implications for paleogeography
and pre-drift extension.

2. Late Paleozoic—Cenozoic paleomagnetic data
2.1. Paleopoles

Reliable paleomagnetic poles (Q=3 [7]) from
North America (including Ellesmere), Greenland,
and Europe (including Svalbard) have been com-
piled and evaluated. Excluding far northern (‘Arc-
tic’) areas for reasons explained below, the com-
pilation includes 130 poles from North America
(40-300 Ma) and 94 poles from Europe (50-300
Ma). ‘Arctic’ poles comprise 14 poles from Green-
land (54-230 Ma), seven poles from Svalbard
(110-272 Ma) and four poles from Ellesmere Is-
land (62-274 Ma). Our age-assignments accord
with the stratigraphic time-scales of Gradstein et
al. [13] and Berggren et al. [14]. All selected pa-
leomagnetic poles are listed in table 1(a—¢) in the
EPSL Online Background Dataset'.

The bulk of North American poles (Fig. 2A)
come from eastern and western North America
(Fig. 1). Poles from the Colorado Plateau have
been corrected for a Laramide counter-clockwise
rotation of about 5.4° [15]. Larger rotation angles
have also been proposed (see review in [16]), but
we use the smaller angle to stay on the conserva-
tive side.

The European poles (Fig. 2B) are mostly de-
rived from rocks from Central Europe, Scandina-
via and the British Isles (Fig. 1). The bulk of the
results are of Late Carboniferous—Early Triassic
and Early Tertiary age. Unfortunately, Jurassic
and Cretaceous poles, critical to our analysis
(see below), are scarce. This is mostly due to the
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Fig. 1. Map of the North Atlantic showing locations for paleomagnetic studies analyzed in this paper (table 1 in the EPSL On-
line Background Dataset!). Present plate boundaries and regional extent of the Colorado Plateau are shown. Equal area polar

projection.

lack of suitable rocks of these ages; Jurassic and
younger sediments are often unconsolidated (e.g.
in Sweden, Denmark and UK). In addition, while
suitable Jurassic and Cretaceous formations in
southern Europe yield good paleomagnetic re-
sults, the prevalence of Alpine deformation and
microplate movements rendered the poles unsatis-
factory for the present analysis.

There are few paleomagnetic poles from Green-
land, and they are mainly of Mid-Late Triassic
(three internally clustered poles from SE Green-
land) or Early Tertiary age (Fig. 2C). The Trap
(coast-parallel) Dikes in SW Greenland have re-

cently been dated between 133 and 138 Ma [17];
we have combined three paleomagnetic studies
from these dikes and assigned a mean age of
135 Ma (Fig. 2C; see table 1c in the EPSL Online
Background Dataset'). Reliable Early Tertiary pa-
leomagnetic data come from the North Atlantic
Igneous Province (NAIP), which includes the UK,
Ireland, and the Faeroes as well as Greenland
[18]. Upon reconstruction, paleopoles from the
NAIP are reasonably grouped, but paleopoles
from Greenland are anomalous as discussed be-
low.

Paleomagnetic poles from Svalbard are few



(Fig. 2D), and of variable quality. Permian and track that only approximately resembles that of

Early Triassic poles are scattered (four poles) Europe. The age of these dikes is not firmly estab-
whereas poles from Late Jurassic-Cretaceous do- lished (being based on K/Ar whole rock ages),
lerite dikes show a NE-trending polar wander with exception of the Hinlopen dolerites, dated
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Fig. 2. Individual Late Carboniferous to Early Tertiary paleomagnetic poles from (A) North America, (B) Europe, (C) Green-
land, (D) Svalbard and (E) Ellesmere. All poles are shown with dp/dm semi-axes except a few poles from North America shown
with ays confidence circles. RM apparent polar (APW) paths are overlain on the poles in (A) and (B). In (A) and (B) we have
only denoted a few ages for diagram clarity (all numbers are in million years). In (C) we have highlighted a 135 Ma pole from
Greenland; this pole combines site-mean data from three individual studies of coast-parallel dikes in SW Greenland, which re-
cently have been dated as between 133 and 138 Ma. See table 1 in the EPSL Online Background Dataset' for details. Equal area
polar projection.



as 120 Ma (U/Pb (S. Dahlgren, personal commu-
nication)).

Four poles are included from Ellesmere Island;
one Permian and three Cretaceous results (Fig.
2E). The authors of the study [19] describing the
Permian result argue that its locality is rotated,
but its paleolatitude should not be significantly
affected by the rotation. The paleopole location
is indeed very different from the coeval North
American poles.

2.2. North American and European APW paths

Using the available paleomagnetic poles (table
1 in the EPSL Online Background Dataset!) we
experimented with different methods of generating
APW paths, using running means (RM) as well as
spherical spline methods [11,20]. Of these two
methods, RM is the simplest; we have used a 20
Myr moving window. Table 2 in the EPSL Online
Background Dataset! lists the means, using 5 Myr
increments. Figs. 2 and 3A illustrate the two in-
dividual paths for the European and North Amer-
ican continents. The results from the Arctic areas
(Ellesmere, Greenland and Svalbard) are ex-
cluded, because as Fig. 2 shows, and as discussed
in detail below, the results from these northern
areas systematically disagree with those from the
main parts of the two continents. The European
and North American paths at first glance have
roughly congruent shapes, as also observed in ear-
lier studies (e.g. [6]); they will be fitted together
and combined after a discussion in Section 3 of
the reconstruction parameters.

In the RM method, the poles are not weighted,
e.g. according to angular uncertainty (ags). The
spherical spline method is more advanced and
flexible as poles can be weighted by either ags or
according to their performance in the Van der
Voo [7] reliability classification scheme. The spline
path is therefore firmly anchored to the most re-
liable data and only loosely guided by the remain-
der [10]. We observe only minor differences using
RM or the more complex spline method (Fig. 3C)
for the combined North America-Europe APW
path (table 2 in the EPSL Online Background Da-
taset!; listed as both RM and spline paths). On
the other hand, a RM path is advantageous when

undertaking non-dipole field analysis since a sam-
pling site center of gravity for a mean pole can be
easily computed [21].

3. North Atlantic reconstruction parameters
3.1. North America vs. Europe

In order to test different fits for North America
and Europe, we calculate the great circle distance
(GCD, in degrees) between mean poles (table 2 in
the EPSL Online Background Dataset') of similar
age (<5 Ma difference). In Fig. 4A, four different
fits are evaluated: the Bullard et al. [9] fit, a 170
Ma stage-pole reconstruction [22], a magnetic
anomaly fit (A24, ca. 53.4 Ma), and a best fit
developed in this study. Fig. 4A clearly shows
that the Bullard et al. fit [9] is in excellent agree-
ment with the paleopoles from the two main
North Atlantic bordering continents for the inter-
val 300-214 Ma. This fit yields GCDs mostly be-
low 5° (Fig. 4A), and the cones of confidence of
the mean European and North American poles
overlap. For times younger than 214 Ma, the
GCDs gradually increase in the Bullard et al. [9]
reconstruction, showing offsets above 20° in Cre-
taceous times. We conclude that the Bullard et al.
[9] reconstruction is applicable from Silurian
[7,11] to the Late Triassic, but not for later times.

In contrast, the ca. 170 Ma rotation pole of
Royer et al. [22] improves the Late Jurassic and,
especially, the Cretaceous sections, but produces a
large misfit for the Permo-Carboniferous (Fig.
4A), rendering this reconstruction untenable for
earlier times. A magnetic anomaly (A24) fit of
Roest et al. (personal communication) for the
North Atlantic (Eurasia vs. North America) pro-
duces a good fit in Late Cretaceous—Early Terti-
ary times, but has little relevance for the Late
Paleozoic-Early Mesozoic section (the GCD mis-
fit for Late Carboniferous—Permian times can be
as large as 28°; Fig. 4A).

We observe, therefore, from experimenting with
various magnetic anomaly reconstructions, stage
or initial opening fits, that no single fit accommo-
dates the entire extent of the 30040 Ma APW
paths for North America and Europe. To some
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Fig. 3. (A) Comparison of North American and European APW paths (RM paths from Fig. 2). (B) European RM path fitted to
the North American path and a combined RM path based on all individual poles after appropriate rotations. (C) Comparison of
the combined RM path (with selected ays confidence circles) and an APW path constructed with the spherical spline method
(smoothing parameter =200; poles weighted according to their performance in the Van der Voo [7] Q-factor; see [11] for meth-
od). These paths are very similar and overlap statistically, except for the poles near the Jurassic—Cretaceous boundary. (D) Com-
parison of our combined North America—Europe Jurassic-Early Cretaceous RM path with a synthetic North American RM path
of Courtillot et al. [24]. Numbers denote millions of years. Except (D) our European and North American paths use 20 Myr
moving windows and 5 Myr increments. The combined RM path uses 1 Myr increments. Paths are listed in table 2 in the EPSL

Online Background Dataset'.

extent this is due to the profound difference in,
and the poor quality of, the Late Jurassic APW
segments (Fig. 3B; high-latitude European poles
vs. intermediate-latitude North America poles;
see discussion in [7]). Moreover, the scarcity of
Late Mesozoic results from Europe or even their

complete absence (Early Cretaceous, 125-100 Ma)
prevents definite comparisons (Fig. 4B).

We thus face a situation where the Late Paleo-
zoic—Early Mesozoic paleopoles are well matched
by the Bullard et al. [9] fit, while Late Cretaceous—
Early Tertiary poles are matched well with mag-



netic anomaly fits. The intervening Mid-Jurassic
to Early Cretaceous segment is problematic (un-
less one invokes radically different fits that kine-
matically involve to-and-from movements be-
tween Europe and North America). Cretaceous
and Jurassic stage-poles for the North Atlantic
have been published by several authors and we
have used Late Jurassic-Early Cretaceous (145-
118 Ma) stage-poles by Srivastava and Roest [2],
the Mid-Jurassic stage-pole (ca. 170 Ma) by Roy-
er et al. [22] and Late Cretaceous stage-poles of
Roest et al. (personal communication).

Bullard et al. (1965) fit (GCD=10 +/- 7)

In summary, our optimized fit for Europe vs.
North America (table 3 in the EPSL Online Back-
ground Dataset'; Fig. 3, combined path) employs
(1) the Bullard et al. [9] fit from Late Carbonif-
erous to Late Triassic (300-214 Ma) times, (2) a
gradually changing reconstruction with Euler
poles that are being constantly interpolated from
214 to 55 Ma, including a previously published fit
for 170 Ma [22], and (3) magnetic anomaly fits for
the Tertiary (<54 Ma). Our analysis differs from
that of Srivastava and Verhoef [12] in that we do
not use a Bullard et al. [9] fit for the Jurassic, but
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Fig. 4. (A) Calculated GCD between coeval points on the North American and European APW paths (RM type) using (1) a
Bullard et al. [9] fit (Euler pole: Lat.=88°N, Long.=27°E, rotation angle=—38°), (2) 170 Ma stage-pole fit of Royer et al. [22]
(Euler pole: Lat.=69.1°N, Long. =156.7°E, rotation angle = —23.64°), (3) A24 fit of Roest et al. (personal communication) (Euler
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instead employ an interpolation from Late Trias-
sic (214 Ma) to Mid-Jurassic times (when the ca.
170 Ma stage-pole of [22] applies) in order to
produce the best match between the APW paths.

3.2. A combined North America—Europe APW
path

Our optimized (combined) fit yields an average
GCD of 6 £4° (Fig. 4) between the reconstructed
European and North American paleopoles. Based
on the rotation parameters of table 3 in the EPSL
Online Background Dataset! we rotated European
paleopoles into a North American frame and then
calculated a combined North America—Europe
APW, using both the RM (unit weight) and spline
(weighted according to Q-factor) methods (Fig.

3C). Since the European dataset is lacking Creta-
ceous results, the combined path closely follows
the North American path for this time period. We
stress again that the bulk of Jurassic poles from
North America and Europe differ and produce
parallel but offset APW paths with a large misfit.
Several synthetic North America paths exist in the
literature (see [7]). They differ due to data selec-
tion and reconstruction fits. For example, we have
compared a segment (Jurassic—Early Cretaceous)
of our combined North America—Europe RM
path with a synthetic North America RM path
(Fig. 3D) based on poles from South America,
South Africa, West Africa and Eurasia [24]. The
latter path is systematically offset from ours and
more closely resembles our European path (in
North American co-ordinates).
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Fig. 5. Paleolatitude, latitudinal drift rate and rate of angular rotation for a location in Central North America (45°N/270°E).
Bottom figure is rate of APW (independent of location). All calculations are based on a combined spherical spline path for
North America-Europe (table 2 in the EPSL Online Background Dataset'). Stippled line in top diagram is the calculated latitudi-
nal curve (40-130 Ma) for the same North American location using the hotspot model of Miiller et al. [23]. Note the large offset
in the Early Cretaceous; Early Cretaceous latitudes based on paleomagnetic data in the combined path are strongly dependent
on the North American dataset (see text), and for comparison we show latitudes predicted for the same North America location
based on our European data only (illustrated for Jurassic and Cretaceous times).



Fig. 5 shows paleolatitudinal change, latitudinal
drift rate and rate of angular rotation for a loca-
tion in central North America (45°N, 270°E),
based on a combined spline path for North Amer-
ica—Europe (table 2 in the EPSL Online Back-
ground Dataset'); analytical procedures follow
Torsvik et al. [10,11]. The rate of APW (bottom
of Fig. 5) is independent of location. North Amer-
ica (i.e. present-day 45°N) was situated at equa-
torial and sub-tropical latitudes during Late Pa-
leozoic and Early Mesozoic times but with a
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pronounced northerly track until the Early Creta-
ceous. Latitudinal velocities are typically below
5 cm/yr, but with a velocity burst in Late Juras-
sic-Early Cretaceous times (ca. 14 cm/yr). Rota-
tions of the continent have been small and typi-
cally below 1°/Ma. APW rates, the combined
effects of continental drift and true polar wander
(TPW) (if any), have been typically below 10 cm/
yr, except in the Late Jurassic when a peak value
of nearly 20 cm/yr was reached (Fig. 5).
Paleomagnetically derived latitudes compare
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Fig. 6. Early Triassic (a, b), Mid-Jurassic (¢c) and Early Tertiary (d) paleogeographic reconstructions using the paleolatitudes
from the combined RM North America-Europe path. COB = continent-ocean boundary for the Eurasian Plate. Two models are
shown for the Early Triassic. Model I maintains a classic Bullard et al. [9] fit between North America-Greenland—Eurasia. Model
II maintains a Greenland-Eurasia fit as for the Mid-Jurassic in order to avoid large compression in the Mid-Norwegian and
Barents Sea shelf during Late Triassic-Early Jurassic times; this compression would be a consequence of Model I, but is geologi-
cally unacceptable. Conversely, Model II requires significant post-Early Triassic compression, and/or major right-lateral strike-
slip displacements between North America and Greenland. There is evidence for major Early Triassic to Cretaceous right-lateral
deformation and pull-apart basin development in the northwestern Greenland/Ellesmere Island region [37,38], but the consequen-
ces of Model II need further study. Relative fits are listed in table 3 in the EPSL Online Background Dataset'.
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reasonably well (within 5°) with those calculated
from the hotspot frame [23], except for the Early
Cretaceous (Fig. 5); the latter has been ascribed
to TPW or hotspot migration in the Early Creta-
ceous [18].

3.3. Greenland

During Precambrian and Paleozoic times,
Greenland is considered a part of Laurentia
(North America plus Greenland and northern
Scotland). Greenland separated from North
America during the Late Cretaceous (A33), but
sea-floor spreading ceased in the Labrador Sea
after A21 (modeled to have ceased at ca. 35 Ma
in table 3 in the EPSL Online Background Data-
set!), so that Greenland is presently again part of
the North American plate. Initial and magnetic
anomaly fits have been published by Roest and
Srivastava [1], or can be calculated from a Bullard
et al. [9] fit.

Mesozoic poles from Greenland are few and
problematic, and cannot be used to test any of
the reconstructions. Within the framework and
constraints of our Eurasia—North America fits
we have estimated Greenland—North America
fits using two different models (I and II, Fig.
6a,b). Both models conform with magnetic anom-
aly fits in the NE Atlantic and the Labrador Sea
for Late Cretaceous and Tertiary times, but the
earlier Mesozoic fits differ substantially.

Model 1 juxtaposes Greenland and North
America in a tight Bullard et al. [9] fit (recalcu-
lated) during the Early Mesozoic. This is a ‘clas-
sic’ Greenland—North America reconstruction,
but it produces a loose fit for the Norwegian—
Greenland Sea and a tight fit in the Rockall
Bank area (Fig. 6a). Model II is similar to Model
I for Cretaceous—Tertiary times (Fig. 6d), but it
keeps Greenland ‘locked’ to Europe for the Late
Paleozoic-Early Mesozoic. This maintains a re-
construction between Greenland and Eurasia
that complies well with the offshore geological
history [25], as will be described below. However,
the resulting reconstruction of Model II (given the
Bullard et al. fit [9] for Europe and North Amer-
ica) between North America and Greenland (Baf-
fin Bay) is very puzzling and would require sev-

eral hundred kilometers of post-Early Triassic
compression, and/or major right-lateral strike-
slip displacements.

The available paleomagnetic results appear to
be of no help in resolving this issue, because irre-
spective of the fit used for Greenland—North
America (Models I and II or any other fits), the
Mid-Late Triassic poles from Greenland [26] are
highly anomalous (Fig. 7A). A large local-region-
al clockwise rotation is suspected, but the inclina-
tions of the three results are also anomalously low
and result in a very poor latitudinal match. In a
companion paper, we discuss the possibility that a
significant octupole field is responsible for the dis-
crepancy [21]. Early Cretaceous and Tertiary
poles show a better, but still imperfect, correlation
(Models I and II coincide in this time interval)
with the combined North America-Eurasia path
(Fig. 7A). Early Tertiary poles from the North
Atlantic region show increased grouping when ad-
justed for younger sea-floor spreading, but the
Greenland data are anomalous [18], and generally
yield lower latitude pole positions than North
America and European poles (Fig. 7A). This de-
viation is also best explained by a persistent octu-
pole field.

Hartz et al. [27] showed that a Model I fit [9]
produces a reasonable match between Devonian—
Lower Carboniferous poles from Greenland and
North America, and so does Model II (Fig. 7B).
Because of this lack of resolution as well as the
disagreement with the Triassic paleopoles (Fig.
7A), we conclude that a choice between the two
models cannot be made with the available paleo-
magnetic data.

3.4. Svalbard

Svalbard was an independent microplate in the
Early Paleozoic, which collided with NE Green-
land, probably in Late Ordovician times [28].
Greenland and Svalbard (as part of Laurentia)
subsequently collided with Baltica during the
Mid-Late Silurian (ca. 425 Ma [11]). Late Paleo-
zoic paleomagnetic data from Svalbard are of var-
iable reliability, but given the typical resolution of
paleomagnetic data, Torsvik et al. [29] and Watts
[30] could argue that Svalbard was an integral
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according to either Model I or II (Fig. 6a,b). (B) Devonian and Carboniferous poles from Laurentia (North America and Scot-
land poles in a Bullard et al. [9] fit; from [11]) compared with Late Devonian/Early Carboniferous poles from Greenland [27].
The two Greenland poles (379 and 343 Ma) are shown in Greenland and North American co-ordinates using the Model II fit
(Fig. 6b). All poles are shown with ovals with dp/dm semi-axes. (C) Svalbard poles compared with the combined North Ameri-
ca—Europe RM path rotated to Greenland according to Models I and II (Fig. 6a,b) or on the ‘assumption’ that Svalbard re-
mained an integrated part of the Eurasian plate since the Permian. (D) Ellesmere poles compared with the combined North

America-Europe RM path.

part of the Eurasian plate since the Devonian.
Conversely, Jelenska [31] argued that Permian
poles show that Svalbard did not belong to Eur-
asia (269 Ma poles in Fig. 7C), whereas a more
recent Permian pole [32] negates this as it shows
an acceptable correspondence with the Eurasian
APW path (272 Ma pole in Fig. 7C). For Meso-
zoic times, it has been proposed that Svalbard
remained contiguous with Greenland until north-
ward progression of North Atlantic rifting and
opening of the NE Atlantic in Late Cretaceous
and Early Tertiary times (e.g. [33]). This implies
that Svalbard and Europe were in different rela-
tive Mesozoic positions from those of today, if

Greenland is placed in the Model I reconstruction
according to Bullard et al. [9] (Fig. 6a).

The 272 Ma pole [32] compares well with Eur-
asia, even though it falls at a somewhat lower
latitude than the coeval European Early Permian
reference pole (Fig. 7C). This slight deviation may
again be due to the existence of non-dipole fields
[21]. Comparing this Permian pole from Svalbard,
given the latter’s juxtaposition with Greenland,
with the North American reference pole, Model
IT produces a better fit for the 272 and 244 Ma
poles than Model I (Fig. 7C). Due to the spread
in Permian—Early Triassic poles mean GCD is
high for all fits (15-16°).
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3.5. Ellesmere

As for Greenland and Svalbard, there are too
few poles from Ellesmere to construct a separate
and robust APW path. The Permian pole is
anomalous (ca. 25° offset from those of North
America) but Cretaceous poles are in better agree-
ment with the reference path (Fig. 7D). The GCD
for all poles (Fig. 7D) compared with the com-
bined North America—Europe RM path is large
(14 £ 8°). Rowley and Lottes [34] ‘detached’ Elles-
mere from North America in order to account for
extension in the Arctic Oceans. We tested their
Ellesmere vs. North America Euler rotation pa-
rameters, but this results in a significant increase
in GCD (20£11°); for want of any better model,
we keep Ellesmere in its present-day relative posi-
tion with respect to North America in Fig. 6.

4. Paleogeography and pre-drift extension

Selected paleogeographic reconstructions for
the North Atlantic region are shown in Fig. 6.
They are based on the North America—Europe
RM master path listed in table 2 in the EPSL
Online Background Dataset' and the reconstruc-
tion parameters of table 3 in the EPSL Online
Background Dataset'. In the Early-Mid-Triassic
(ca. 240 Ma), Eurasia and North America (as
part of Pangea) stretched from the equator to
ca. 45°N, with the 30th parallel running through
Central Greenland and Central Norway (Fig.
6a,b). During the later Triassic and the Jurassic,
the North Atlantic bordering continents gradually
moved northward (Fig. 5) [35], and in the Mid-
Jurassic, the 30th parallel ran roughly through
northern Newfoundland and France according
to the combined North America—Europe APW
path. Recall, however, that during this part of
the Jurassic, the separate APW paths for the
two continents show the greatest discrepancies
(Fig. 3B).

As Fig. 6a,b illustrates, the two models (I and
IT) differ in their reconstructions for Greenland,
but are the same for Europe and North America.
Model I uses a Bullard et al. [9] fit for Europe and
Greenland that results in a tight fit in the Rockall

area and a loose fit in the Arctic (Fig. 6a). Evi-
dence for stretching of plates is recognized when
the present-day contours of regions (that have
separated from each other) overlap in paleo-re-
constructions. The amount of overlap indicates
how much extension may have occurred; for the
Greenland—Europe domain we have visualized
this by plotting the younger European conti-
nent—-ocean boundary (COB) on the maps (Fig.
6). In Model I the largest overlap (450-500 km)
is recognized in the Rockall area during the Tri-
assic (Fig. 6a), but more than 50% of this overlap
is eliminated by Mid-Jurassic times (Fig. 6c).
Conversely, in Model I Mid-Norway and North
Norway show a large compressional component
in the same interval. This is difficult to reconcile
with the geological history of these areas, and that
is why the Bullard et al. [9] reconstruction has
been spurned by many workers (e.g. [4]). Model
I extension and compression in the NE Atlantic
are portrayed in Fig. 8A, based on a calculation
of the net-fit difference between Europe—North
America and Greenland—North America. We no-
tice that Rockall remained in extension through-
out the entire interval, with rates of ca. 1 cm/yr
during Late Triassic-Middle Jurassic times (Fig.
8). Mid- and North Norway have a principal
component of compression (ca. 300 km) in the
Late Triassic-Early Jurassic in Model I, followed
by extension after about 180 Ma. The Tertiary
velocity curves (Fig. 8A) are broadly similar to
sea-floor spreading rates in the NE Atlantic esti-
mated from magnetic anomaly/fracture flow lines
in Fig. 8B [36]. Sea-floor spreading rates, how-
ever, are estimated as half-spreading rates whereas
our velocity curves (Fig. 8A) are ‘full-spreading
values’ based on best fit magnetic anomalies.
Sea-floor spreading rates attained a maximum
during NE Atlantic opening (~50 Ma), subse-
quently decreased to a minimum during the Oli-
gocene, followed by a recovery during the Mio-
cene (Fig. 8B). Pre-drift extension or compression
rates were always less than sea-floor spreading
rates.

The later Mesozoic transition from an initial,
Triassic, Bullard et al. [9] reconstruction is prob-
lematic not only for the evolution of the Arctic
[34] but also for the evolution of the Mid-Norwe-
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Fig. 8. (A) Calculated extension/compression or ‘sea-floor spreading rates’ (‘synthetic full-spreading rates’ based on Europe vs.
Greenland). Magnetic polarity scale after Cande and Kent [3]. Calculations are done for three specific locations along the Eura-
sian plate, Rockall (R, 54°N-347°E), Mid-Norway (M, 66°N—-6°E) and North Norway (N, 71°N-27°E); for location see (B)). (B)
Locations used for calculations in (A) are marked as large solid circles. Smaller solid circles show the pathway of these locations
when reconstructed (keeping Greenland fixed) — open circle is the location at 214 Ma [9]. Magnetic anomalies (A24 and younger)
and fractures in the NE Atlantic in digital form from [39]. (C) Estimates of pre-drift extension between Europe and Greenland/
Svalbard in Model II (Fig. 6b) for Rockall, Mid-Norway and North Norway (as in (B)). Numbers denote the amount of exten-
sion in kilometers over the time interval considered, and Model I and II estimates are similar from Mid-Jurassic onwards. Main
extensional events are in the Cretaceous (peak in latest Cretaceous) with an early phase of Late Triassic-Early Jurassic extension.
Early Cretaceous—Early Tertiary cumulative extension (pre-A24) amounts to 312 km (Rockall), 398 km (Mid-Norway) and 455

km (North Norway).

gian Shelf. In Model IT we overcome these prob-
lems by changing the Greenland-North America
and Greenland—Europe fits for the Early Meso-
zoic (Fig. 6b). Both Models I and II are imagined
to evolve into the same Mid-Jurassic fit of Fig. 6c.
In Model II, a tight Norwegian—Greenland fit is
proposed for the Early Mesozoic (and the Late
Paleozoic), followed by Mid-Norwegian Shelf ex-
tension after 214 Ma (Fig. 8C). In this model, the
bulk of pre-drift extension occurs in the Early

Cretaceous to Early Tertiary. Assuming that no
deformation has taken place within the Eurasian
plate since the Early Triassic, the Model II recon-
struction implies a large compression within the
Arctic Ocean northwest of Svalbard at later times
(cf. Fig. 6b,c).

The Early Tertiary (ca. 54 Ma) reconstruction
places most of North America and Eurasia north
of 30°N (Fig. 6) and is similar to that of Torsvik
et al. [18].
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5. Conclusions

A Bullard et al. fit [9] for Europe and North
America is shown to be superior from Late Car-
boniferous to Late Triassic times, by comparing
APW paths in various reconstructions. However,
the continental configuration in northern Pangea
must have changed systematically between about
214 and 170 Ma. We interpolate between the Bul-
lard et al. [9] fit and a suggested Jurassic fit at
about 170 Ma [22], because the paleomagnetic
data indicate a looser configuration in an east—
west sense for Europe and North America in
Early Jurassic time. Post-Jurassic reconstructions
are adopted from Srivastava and Roest [2] and
Roest et al. (personal communication).

Our fits minimize differences in the Late Car-
boniferous—Early Jurassic and Late Cretaceous—
Tertiary segments of the APW paths, but an enig-
matic difference exists in the paths for most of the
Jurassic, whereas for the Early Cretaceous the
data from Europe are nearly non-existent.

Greenland’s position is problematic in a Bul-
lard et al. [9] fit, because of a Late Triassic—Early
Jurassic regime of compression that would be in-
herently required for Central and Northern Nor-
way, but which is geologically not defensible. We
suggest a radically new fit for Greenland in be-
tween Europe and North America in the Early
Mesozoic.
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