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Abstract
The processes that accommodated plate divergence between Greenland and North America are most confidently interpretable from a short-lived (61-42 Ma)
sequence of magnetic isochrons in the Labrador Sea. Understanding of the preceding and following periods is impeded by the lack of clear isochrons in the
basin’s continent-ocean transition and axial zones. By closing the regional plate circuit, we build and interpret a detailed plate motion model for Greenland and
North America that is applicable in, but unaffected by data uncertainty from, the Labrador Sea, Davis Strait, and Baffin Bay. Among our findings, we show the
Labrador Sea initially opened during a ~8.3-16.5 Myr-long period of focused extension culminating in continental breakup no earlier than 74-72 Ma, and
experienced a ~80° change in spreading direction around 56 Ma. We describe some possible implications for the accommodation of strain prior to continental
breakup and during extreme spreading obliquity.

1. Introduction
A wealth of seafloor spreading data is available for most parts of the North Atlantic Ocean, but near the continental margins they become more and more
difficult to justify as unequivocal signals of oceanic crustal accretion 1–5. This problem is particularly prominent for studies of the relative motions of plates
bearing Greenland and North America, which formed oceanic basins in the Labrador Sea and its smaller neighbour Baffin Bay (Figs. 1 and 2)1,2,6,7. From the
basin margins, the earliest signs of rifting are interpreted from diverse alkaline igneous intrusions that are dated to Late Triassic or early Jurassic times8,9.
Younger intrusions have been related to Kimmeridgian (~ 150 Ma) and Early Cretaceous (~ 140 − 133 Ma) extension9. Sedimentation in fault-bounded basins
started in the Early Cretaceous, and gave way to regional thermal subsidence at a poorly-constrained later in the Cretaceous10.

The majority of modern plate kinematic models for the region rely heavily on magnetic anomaly identifications from the Labrador Sea1,2,6,7,11 (Fig. 3). The
consensus from magnetic anomaly studies (e.g.12,13) is that steady-state seafloor spreading was certainly underway by chron C26 (59 Ma) at the latest
(Figs. 2 and 3), although many authors cite a slightly older age of C27 (62 Ma; e.g.2). During that period, the North Atlantic region was visited by large-volume
magmatism related to the Iceland Plume, whose products at the continental margins are expressed in seismic reflection data as seaward dipping reflectors
(SDRs; Fig. 2;14,15). This event not only accompanied the onset of steady-state seafloor spreading in the Labrador Sea, it was swiftly followed at ~ 56 Ma by a
fundamental change in the orientation of plate divergence related to the onset of seafloor spreading between Greenland and Eurasia2. The youngest
consistently-identifiable magnetic reversal isochron in the Labrador Sea is C20 (42 Ma), but a broad swath of seafloor lies between it and the mid-ocean ridge.
Using North Atlantic magnetic isochrons near the South Greenland Triple Junction, this seafloor can be attributed to ongoing spreading until extinction of the
ridge at ~ 33 Ma16.

Outside the Labrador Sea and the C27-C13 period, understanding is less evenly shared. Weak magnetic anomaly lineations marginward of C27 have been
related to sources in thin igneous crust formed at distributed sites within broad continent-ocean transition zones (see17–19). It remains open to question
whether such settings might produce dateable linear magnetic reversal isochrons like those over thicker (~ 7 km) standard oceanic crust and, thus, whether
published interpretations of the weak anomalies as reversal isochrons as old as C33 1,20 can be seen as reliable (~ 79 Ma; Fig. 2). Davis Strait connects the
Labrador Sea and Baffin Bay regions, and is host to two large N-S trending transform faults (see, Fig. 3) which are thought to have acted as sheared
continental margin segments during Paleocene and Eocene times21–25. The affinity of the crust in the floor of Davis Strait is uncertain21,26,27. To the north,
wide-angle seismic profiles 23,25,28,29 and a clear extinct median valley 30 leave little doubt about the absence of continental crust in Baffin Bay. Beyond this,
the basin’s plate tectonic history is understood by comparison to the Labrador Sea’s owing to the lack of strong linear magnetic anomaly signals 28,31,32. This
has proved difficult to reconcile with the widespread evidence for Eocene convergent tectonics in and around Baffin Bay2,29,33,34.

Here we revisit the region’s tectonic evolution by closure of its plate circuit. Using seafloor spreading data (magnetic anomaly isochrons of undisputed oceanic
origin and fracture zone traces) from the North Atlantic and Arctic Ocean we produce two independent models describing 1) Eurasian–North American (EUR-
NAM) plate divergence and 2) Greenland–Eurasian (GRN-EUR) divergence (Fig. 2), since as early as mid-Cretaceous times. Focusing on the late Cretaceous –
Eocene time period, we generate a Greenland–North America (GRN-NAM) plate model by adding the GRN-EUR and EUR-NAM rotations (Fig. 1). In this way, we
produce a framework solution for the Labrador Sea—Baffin Bay region that is insensitive to conflicting interpretations of the region’s geological and
geophysical data sets. Using this framework, we show that continental breakup between the North American and Eurasian plates in the Labrador Sea dates to
no earlier than C33 (74 Ma). We suggest it is possible this breakup occurred when the plate boundary propagated through a set of abandoned rift basins
produced during earlier Cretaceous distributed extension. Breakup was followed by the formation of broad continent-ocean transition zones until, at C27 (61
Ma), the onset of NE-SW-oriented oceanic accretion at a stable mid-ocean ridge. Soon after its formation, the ridge was adopted as the site of NNW-SSE-
oriented divergence between the North American and Greenland plates. The ridge retained its orientation in spite of the large (70–80°) accompanying change
in plate divergence direction. We suggest it is possible that, in response, large normal faults along the median valley started to act in oblique slip, unlike at
active mid ocean ridges of similar length where spreading obliquity nowhere exceeds 45°. Our model suggests very little oceanic crust would have been
generated in Davis Strait in pre-Paleocene times, and that afterwards it became a site of transpressional deformation. Well-known compressional structures in
Baffin Bay are a result NW-SE oriented compressive phase during the Middle to Late Eocene (C21 – C13; 46–33 Ma) that followed the cessation of plate
divergence at C21 (46 Ma).

2. Results

2.1 Eurasia – North America plate divergence
The solution for the EUR-NAM plate pair is shown in Supplementary Figure S1a-c, as sets of visual fits of isochron picks and synthetic ridge-crest flowlines
rotated to target great circle segments and fracture zone traces respectively. Including outliers, the technique reduces misfits to means and standard
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deviations of 1.40 km and 13.03 km for magnetic isochron data and 0.06 km and 4.22 km for fracture zone data. Large misfits in the magnetic data are
geographically evenly spread, with the exception of small higher-misfit clusters associated with older isochron data around the Labrador Sea triple junction
between the North American, Eurasian and Greenland plates (Fig. 1). Poorly fitting segments of flowlines are associated with small asymmetrical features
resulting from ridge-jump or propagation episodes. If outliers are neglected under the assumption that the misfits should adopt standard Gaussian
distributions, then the mean values of isochron and fracture zone data misfits reduce to 1.05 km and 0.20 km, and their standard deviations to 3.81 km and
3.38 km, respectively.

Supplementary Figure S2 shows the locations of 25 new finite rotation poles and their associated 95% confidence ellipses, describing the relative divergence
of Eurasia and North America since the Late Cretaceous (C34; 84 Ma). The locations illustrate two distinct trends in plate motion, with a marked shift from NW
to S/SSW-migrating poles centred on C13 (33 Ma, Eocene-Oligocene boundary). These trends are in good agreement with previous studies in the North
Atlantic and Arctic Oceans, but also benefit from the greater stability and smoothness that our inversion scheme can deliver, compared to others. Confidence
ellipses were calculated using the rotation parameters and covariance matrices in Supplementary Table S1. Confidence regions are largest for the younger
isochrons, reflecting the small-angle rotations over long continuous segments.

2.2 Greenland – Eurasia plate divergence
Our GRN-EUR model uses data from the Iceland and Irminger Basins in the period between breakup (which we approximate using small sets of picks from the
conjugate shelf edges, labelled GES, and preliminarily date to chron C25; 57 Ma) and C13 (Paleocene – Eocene). The model is summarized in Supplementary
Figure S3. It extends to chron C13 (33 Ma) in order to enable our subsequent closure of the plate circuit to include the time at which seafloor spreading in the
Labrador Sea is suggested to have ceased. Including outliers, the mean values of magnetic isochrons and fracture zones misfits are 0.15 km and − 0.20 km,
and their standard deviations are 15.09 km and 4.99 km, respectively. The greatest misfits to synthetic flowlines are located between chrons C13 and C20,
where the signals of fracture zones in gravity data 35 become weaker and harder to interpret with confidence. Neglecting outliers by assuming Gaussian
distributions of misfits for magnetic isochron and fracture zone data, mean misfits reduce to 0.30 km and 1.51 km, and standard deviations to 8.65 km and
3.67 km, respectively.

Supplementary Figure S4 and Table S2 detail the rotation poles and 95% confidence ellipses generated from the rotation parameters and misfit statistics
described above. Between Paleocene and Eocene times (GES – C21; ~57–46 Ma) poles move progressively southward, and then migrate towards the east
until C13 (33 Ma), consistent with the behaviour observed in previous models for the region (Supplementary Fig. S4).

2.3 Greenland – North America plate divergence
The summation of rotation parameters and combination of their associated covariances generates a set of rotation parameters and covariances for
Paleocene to Eocene (GES-C13) movement in the Labrador Sea. The resulting rotation poles, and 95% confidence ellipses calculated from the covariance
matrices, are shown in Fig. 5. The covariance matrices are presented in Table 1 along with a comparison to other models. All show how the finite rotation
poles in the GRN-NAM plate model migrate towards the southwest from Paleocene times until the Eocene-Oligocene boundary (GES – C33; ~57–33 Ma).

Prior to GES, with Greenland moving as part of a rigid Eurasian plate, our manipulation of the EUR-NAM model yields a set of finite rotations for times ranging
back to the Late Cretaceous (C34 – GES; 84–57 Ma). The estimated uncertainty regions are somewhat larger than those for GES and later times, reflecting the
fact that these rotations are generated by the combination of three rotations each (see Methods section), but even at this level of confidence the rotations
differ starkly from those in the studies by 1,2.

Figure 5 illustrates the GRN-NAM model using a set of synthetic ridge-crest flowlines beginning at seeds distributed along the axes of the Labrador Sea’s mid-
ocean ridge. The synthetic flowlines closely match the lengths and orientations of fracture zone segments preserved on both flanks of the extinct mid-ocean
ridge 2,6,35, suggesting that the model provides an appropriate plate kinematic context within which to understand the regional geology. More prescriptively for
the level of confidence at which we can expect to do so, our circuit-based model predicts the locations of the well-known magnetic reversal isochrons C24 –
C20 (53–42 Ma) in the Labrador Sea to within its corresponding 95% confidence ellipses (Fig. 5).

Immediately prior to C24, the 95% confidence ellipses of the GES marker lie inboard of the C25 (57 Ma) isochron in the Labrador Sea, without enveloping picks
of it (Fig. 5). The model spacing between GES and C24 is around two-thirds of the real-world spacing of isochrons C24 and C25 (57.10 to 53.41 Ma) in the
Labrador Sea, prompting us to revise our preliminary estimate of the age of GES from 57 Ma to around 55.9 Ma. Continental breakup between Greenland and
Eurasia in the Irminger – Iceland basins thus post-dates C25, in agreement with magnetostratigraphic determination of chron C24r (54–56 Ma) in the oldest
drilled sediments of the Irminger Basin36.

The revised date for GES invalidates the assumption that our GRN-EUR and NAM-EUR rotations for GES and C25 are time equivalents that can be summed in
the plate circuit. Figure 4 illustrates that the effect of this is nonetheless relatively insignificant; the set of pre-Eocene rotation poles calculated using a NAM-
EUR rotation interpolated to 55.9 Ma (the revised age of GES) all lie within the corresponding 95% confidence ellipses calculated using the less accurate age
for GES (black poles; Fig. 4). Flowlines calculated from the two alternative sets of pre-GES rotations in Fig. 5 show how, in the Labrador Sea, the additional
error related to the mis-dating of GES is similar in size (~ 15 km) to the misfit between the GES-aged flow points and picks of the C25 isochron.

3. Discussion

3.1 Opening of the Labrador Sea

3.1.1 A precondition for continental breakup: Paleocene Labrador Sea
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The NE-SW oriented pre-Eocene flowlines segments in the Labrador Sea are constrained by the EUR-NAM model at C25, C31, C33, and C34. Picks of isochron
C27 (from the GFSML repository;37) lie close to linearly-interpolated flowpoints for their age (62 Ma), suggesting they are reliable signals of EUR-NAM seafloor
spreading (Fig. 5). In contrast, Roest & Srivastava’s, (1989)1 picks of C31 and C33 lie well outside of the 95% confidence ellipses for the constrained EUR-NAM
flowpoints of the same ages. This reinforces the conclusions of previous studies that the weak magnetic anomalies of the older parts of the Labrador Sea are
not related to the presence of oceanic crust. Among them, Keen et al., (2018)19 use seismic data to identify a proto-oceanic zone in the seafloor that our
flowlines date to C29-C27 (65 − 62 Ma) and between C29 and the continental shelf a basement of serpentinized and exhumed mantle. Our results strongly
suggest that linear magnetic anomalies in such settings are unlikely to be useful as dated plate edge isochrons for kinematic reconstructions.

Using Keen et al’s., (2018)19 findings to assume the pre-C27 seafloor comprises a transition zone of newly-created proto-oceanic crust and mechanically-
exhumed mantle, the flowlines can be used to estimate an earliest possible timing of continental breakup by observing where they pass over the transition
zone’s landward margins. In the southern Labrador Sea, where pairs of flowlines cross the margins symmetrically, breakup in a two-plate (Eurasia-North
America) setting would have occurred no earlier than the time between chrons C33 and C32 (74 − 72 Ma; late Campanian). The transition zone between the
shelf edge and isochron C27, thus, seems to have formed over a period of at most 12 − 10 Myr, considerably more rapidly than suggested 2,38. The necking
zones landward of the transition zone range in width between 100 and 200 km 19. Conservatively assuming a mean stretching factor of 2.0 and no igneous
crustal addition, the formation of these zones would require plate divergence in the range 50–100 km. With rates like those shown in Fig. 7, our NAM-EUR
model would have achieved this over a period of 8.3–16.5 Myr prior to breakup at 74 − 72 Ma. The focused crustal extension responsible for forming the
necking zones thus seems unlikely to have started any earlier than a date in the range 90.5–80.3 Ma.

The kinematic evolution of extended continental margins has been suggested to involve high-strain episodes that culminate in continental breakup following
crustal softening over the courses of much longer-enduring periods of lower strain 39. The short period required for developing the Labrador Sea’s necking
zones, beginning at 90.5–80.3 Ma and ending at 74 − 72 Ma, fits the concept of rapid strain prior to breakup. Products of the preceding period of slow
extensional strain date however to 140 − 100 Ma 10, leaving an unexplained gap of 9.5–19.7 Myr duration in the Labrador margin’s overall strain history. Ball et
al., (2013) 40 suggested a similar-length gap at the extended margin off southern Australia, and that its products might lie invisibly buried deep in the necking
zone. Later, detailed analysis of Australian-Antarctic plate divergence showed the gap not only to be real, but also to have lasted considerably longer, around
80 Myr 41. If these gaps are real, then they suggest that strain softening in distributed rift zones occurs by processes whose products, and the associated
mechanical weakness, can be preserved over long periods of tectonic quiescence to be exploited for continental breakup at later times.

Rotations to GES calculated using the EUR-NAM model occur about North Pacific poles, closer to the northern part of the Labrador Sea than its southern part.
Consequently, Paleocene plate divergence in the south of the Labrador Sea was ~ 5% faster than in the north. This difference does not support an
interpretation of the presence of SDRs at the northern continental margins in the Labrador Sea and exhumed mantle further south 19 in terms of contrasting
plate divergence and mantle upwelling rates. Furthermore, plate divergence rates calculated from the model for the time and location of SDR formation (C27;
62 Ma) are ~ 11 mma− 1 (Fig. 7), within the global range for magma-poor margins 42,43. These observations all suggest that the SDRs are rather products of
proximity to the Iceland plume, consistent with the presence of Selandian (61 Ma) picrites along the southwest Greenland margin 10,21,44,45. Further south in
the Labrador Sea, a related effect of plume arrival seems to have been the onset of a melt flux sufficient to produce oceanic crust with a basaltic layer
thickness capable of raising linear magnetic reversal anomalies. The time lag between breakup and this volcanism reinforces previous conclusions that
continental breakup in the Labrador Sea was a response to far field stresses, rather than mantle plume activity 46,47.

3.1.2 Oblique slip accommodating very oblique seafloor spreading? Eocene Labrador Sea
Figure 7 shows that the rate of plate divergence in the Labrador Sea remained close to ~ 10 mma− 1 throughout the model period. Along with the onset of
Greenland plate motion at time GES (~ 55.9 Ma), however, the model shows a dramatic change in the azimuth of Labrador Sea plate divergence, which rotates
anticlockwise by nearly 80°. Magnetic isochrons from before and after the rotation (C26 – C22; 59–49 Ma) show that much of the ridge crest retained its
Paleocene strike despite this change, leaving it oriented strongly oblique to the new azimuth of plate divergence. Worldwide, there are no long segments of
active mid-ocean ridges whose obliquity to the plate divergence azimuth exceeds 45° 48. Studies of such active settings show that oblique slip focal
mechanisms are rare, and that instead oblique ridges are populated by en echelon sets of strike-slip faults and short-lived normal faults whose strikes run
approximately perpendicular to the azimuth halfway between the plate divergence azimuth and the normal to the ridge crest 49. In the Labrador Sea after GES,
the strike of such normal faults, if they developed, should have been slightly south of east, but we cannot confirm their presence with available data. Gravity
anomalies, instead, suggest the presence of abyssal hills parallel to the fossil ridge crest and magnetic isochrons (Fig. 5). We consider this to leave open the
possibility that large normal faults at the Labrador Sea ridge may have acted in oblique slip after GES, and that oblique slip may occur more commonly at
high-obliquity spreading centres than is known from active, moderate-obliquity, examples.

Isochrons younger than C20 are absent from the flanks of the fossil median valley in the Labrador Sea. In our model, seafloor spreading rates drop slightly, but
crucially, into the ultra-slow category for the first time at C20 (Fig. 7). This is consistent with the lack of clear magnetic isochrons, because ultra-slow
spreading is associated with accommodation of plate divergence by mechanical, rather than igneous, processes, producing a thin and discontinuous basaltic
carrier layer 50, as observed in the central region of the Labrador Sea (e.g. 51,52). The geometry of the South Greenland Triple Junction suggests these
processes may have endured until close to the Eocene – Oligocene boundary (C13; 33 Ma; 53). Our model shows that pairs of estimated 95% confidence
regions for C13-aged flow points on opposing plates do not overlap with each other (Fig. 5), suggesting extremely slow plate motion parallel to the Labrador
Sea ridge axis may have continued for a short period of time after 33 Ma.

3.2 Davis Strait
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Davis Strait connects the Labrador Sea to Baffin Bay. The crustal nature of its floor is uncertain from existing geological and geophysical studies (e.g. 21,26,27).
A prominent basement and seafloor high, the Davis Strait High, runs NNE along the floor of the strait. Measured parallel to the high, the strait today is around
400 km long. At first order, our whole plate flowlines in Fig. 8 show around ~ 250 km of this length to have developed since GES from the NNE-oriented
component of a phase of relatively constant NNW to N-directed relative plate motion. Resolved across the high, the cross-axial component of this motion
would have brought the Greenland and North American plates into convergence by around 180 km since GES. This finding of oblique convergence reinforces
those of previous plate kinematic models 2,7, interpretations of geophysical and geological data 21,25,54,55, and numerical models 56. Two features of our
model (Fig. 8) may add details to these earlier conclusions. The first is to suggest that the Davis Strait oblique collision may have occurred in two stages, at
GES-C22 (~ 56 − 49 Ma) and C21-C13 (46 − 33 Ma), separated by a short interval of strike-slip motion parallel to the Davis Strait High. The second is the
possibility of a period of slight (< 10 km) of extension, oriented orthogonal to the axis of the Davis Strait High, following the Eocene-Oligocene transition (C13;
33 Ma).

Based on this, we attribute uplift of the Davis Strait High (Fig. 2), the development of thrust faults and folds in the Ikermiut Fault Zone where the high
intersects the Greenland continental margin 57,58, and thrust faulting interpreted from seismic profiles throughout the Baffin Bay and Davis Strait areas 59 to
the convergent component of a period or periods of transpression since 57 Ma. The complementary strike-slip component is recorded in onshore data by
evidence for left-lateral motion within the Itilli Fault Complex east of the Davis Strait High 60.

3.3 Resolution of a convergence conundrum: Baffin Bay
Baffin Bay lacks clearly-interpretable magnetic anomaly isochrons (e.g. 25), but like the Labrador Sea it does host a prominent extinct mid-ocean ridge 30. Our
model, shown in Fig. 9, provides a detailed new context within which to understand Baffin Bay’s tectonic history with considerable confidence. Using ridge-
crest flowlines, the figure depicts pre-Eocene NE-SW plate divergence, perpendicular to NW-SE striking normal faults within the bay’s continental margins 34

and parallel to fracture zones identifiable from gravity data 61. The flowlines cross onto the continental shelves close to chron C28 (63 Ma), suggesting
continental breakup in Baffin Bay occurred 7–9 Myr later than in the Labrador Sea. This is consistent with the idea that the North American-Eurasian plate
boundary propagated northwards through the region during late Cretaceous and earliest Paleogene times. Following the onset of Greenland Plate motion at
GES (56 Ma), the model shows a period of N-S to NNW-SSE oriented plate divergence that lasts until the middle Eocene (C21; 46 Ma). This orientation is
parallel to the set of fracture zones and large transfer faults that gravity data show arrayed around the basin’s extinct mid-ocean ridge 61 (Fig. 9). After C21, the
model shows NW- to W-oriented motion that is overall obliquely convergent to the trend of the extinct ridge crest. The implied plate collision at 46 Ma suggests
that plate divergence at the mid-ocean ridge in Baffin Bay ceased ~ 13 million years earlier than previously understood.

Existing plate models struggle to explain compression along the northern margin of Baffin Bay contemporaneous with the action of a divergent plate
boundary in the basin 29,33,34. Some, such as that of 2 accommodate the contrast by the introduction of a large strike-slip fault zone continuing onshore into
Arctic Canada along strike from the “Bower Fracture Zone”, Fig. 9). To date, there is little evidence for such a strike-slip zone from on-shore geology 62. Instead
of these complexities, our model requires compression to post-date plate divergence in Baffin Bay. This is consistent with the seismic observation of NW
trending compressional structures very close to the extinct spreading ridge 33, but also of middle Eocene (post-C21, 46 Ma) inversion structures in the Melville
Graben (Knutz and Gregersen, 2012) or the hiatus observed in the Hellefisk-1 well 64. The wide geographical distribution of these observations suggests that
plate convergence after C21 was accommodated regionally in Baffin Bay and its margins, rather than focused on the inactivated ridge crest.

4. Methods
To investigate controversies surrounding magnetic anomalies in the Labrador Sea and Paleocene – Eocene relative motions there and in the Davis Strait and
Baffin Bay, we generate and manipulate two plate kinematic models for the EUR-NAM and GRN-EUR plate pairs. Using the inversion technique of (Nankivell,
1997)65, as described by Eagles, (2004)66 and Livermore et al., (2005)67, we resolved the locations of twenty-five finite rotation poles and angles of rotation
about them for EUR-NAM and six for GRN-EUR, by minimizing the misfits of sets of small and great circle segments to the locations of fracture zone traces
and magnetic anomaly data in the North Atlantic Ocean (Supplementary Figures S1a-c and S3). These two models serve as constraints for a third, describing
the movements of GRN-NAM. This third model, unlike others currently available, is completely independent of interpretations of geological and geophysical
data from those small oceanic basins, and can therefore be used as a framework within to evaluate those interpretations with confidence.

4.1 Data Set
Our data set is composed of fracture zone traces and oceanic magnetic anomaly picks (Supplementary Figures S1 a-c and S3). We picked fracture zone
traces south of 80°N from the vertical gradient of high resolution satellite altimetry data 35, and those in the Arctic region (80 to 90°N) from ship-borne gravity
anomaly data 68. In the Irminger Basin we include two early Eocene NW-SE trending fracture zones from gravity data 35 which are thought to be representative
of the basement structure during early plate divergence, e.g. 69. Picks were interpolated at 10 km intervals along their traces.

Magnetic reversal isochron picks for both the EUR-NAM and GRN-EUR models were taken from the GSFML repository for marine magnetic identifications 37

and dated according to the 70 timescale. The EUR-NAM model isochron sequence dates back as far as C34 (84 Ma). The GRN-EUR model, which describes
seafloor spreading with a later onset, is constrained by a subset of Paleocene - Eocene age picks in the same sequence (C24-C13; 54 − 33 Ma), cf. 71. We use
the post-C13 picks from these basins, which post-date independent motion of the Greenland Plate, as input for our EUR-NAM model. In order to calculate a
Paleocene plate circuit solution, we include an additional, non-magnetic, isochron pick of the continental shelves (GES) in the Iceland and Irminger basins,
landward of their identified SDR’s 72. Initially, GES was assigned an approximate age of C25 (57 Ma).
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When compiling our data set, we excluded fracture zones and magnetic anomaly picks north of Iceland and from the Greenland – Lofoten Basins
(Supplementary Figure S3). These data describe independent Paleogene motion of a plate bearing the Jan Mayen Microcontinent that was neither the
Greenland nor the Eurasian plate 15, meaning they are neither suitable nor necessary for summation in our circuit to investigate the Labrador Sea.

4.2 Circuit Closure
Assuming plates are internally rigid, then the sum of the rotations describing plate motion within any given plate circuit that begins and ends with the same
plate will be zero. Thus, rotations for the GRN-NAM pair can be calculated by summing those for the GRN-EUR and EUR-NAM plate pairs. Statistical confidence
regions for these rotations were calculated by manipulations of the covariance matrices of the summed rotations, as detailed by 73.

Pre-GES plate divergence in the Labrador Sea can be investigated in terms of EUR-NAM plate divergence, under the assumption that Greenland would have
moved as part of a rigid Eurasian plate prior to the onset of EUR-GRN divergence. In effect, the circuit is closed using a null rotation for EUR-GRN. To do this,
we calculate a set of EUR-NAM rotations for periods ending with the GES rotation, when EUR-GRN motion started, and sum the results to the EUR-GRN rotation
for GES to generate full finite rotations to the end of EUR-GRN plate divergence. We did this in two ways. Firstly, by assuming that GES coincides in time with
C25, which enabled us to estimate confidence regions by convolution of the three sets of rotations on the peripheries of the C25 ellipse, the ellipse for the older
end of the period of interest, and the GES ellipse. Secondly, we did this by assuming a more appropriate date for GES (see main text), yielding rotations without
confidence regions.

Table 1

Finite rotations and covariance for the Greenland and North American plate model, derived from the North American and Eurasian, and, the Greenland and E
(Iceland-Irminger Basins) plate models. Rotational parameters according to the models of 1,2 are shown. All rotations are for Greenland relative to a stationar

America.
    Rotation Parameters (°) Variance Covariance

Chron Age
(Ma)

Lat.
(λ)

Lon. (ϕ) Ang. (θ) λ,λ ϕ,ϕ θ,θ λ, ϕ λ, θ ϕ,θ

13 33.15 -71.59 140.20 0.74 503,897.06 109,775.10 262.51 -235,192.14 -11,501.23 5,36

20 42.30 -63.79 108.17 2.52 21,810,844.66 1,545,202.39 1658.41 -5,805,356.84 -190,187.76 50,6

21 45.72 -61.74 102.99 3.46 21,877,103.11 817,162.73 713.62 -4,228,137.67 -124,946.97 24,1

22 48.56 -61.60 86.26 3.38 9,118,980,980.64 29,922,825.47 2006.95 522,365,452.08 -4,277,993.48 -245

24 53.41 -46.21 66.64 3.67 6,154,929.38 421,551.58 682.37 161,081.81 -64,807.10 -16,

GES 57.10 -39.82 59.99 3.78 5,954,573.29 453,168.31 1119.43 1,642,684.68 -81,643.64 -22,

Other Studies

Roest & Srivastava, (1989)   Oakey & Chalmers, (2012)

Chron Age (Ma) Lat. (λ) Lon. (ϕ) Ang. (θ) Chron Age
(Ma)

Lat. (λ) Lon. (ϕ) Ang

C21 45.72 -62.80 117.20 2.61 C21 45.72 -53.2 67.1 1.65

C24 53.41 -55.86 75.45 4.44 C24 53.41 -53.2 67.1 3.75

C25 57.10 -24.48 42.75 3.12 C25 57.10 -24.5 42.7 3.12
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Figure 1

Present day configuration of the Greenland, North America and Eurasian Plates. Black and white lines are spreading centres. Black dashed lines are fracture
zones and black solid lines are transform faults. The red dashed line marks the plate boundary between Greenland and North America along the Canadian
Arctic. Abbreviations as follows: AR; Aegir Ridge, BB; Baffin Bay, DS; Davis Strait EUR; Eurasia, GRN; Greenland, JM; Jan Mayen Microcontinent, KR; Kolbeinsey
Ridge, LS; Labrador Sea, NAM; North America, SFS; Seafloor Spreading.
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Figure 2

Chronostratigraphic chart showing the main events. Yellow and black star represent the North Atlantic Igneous Province, and yellow and red star seaward
dipping reflectors in the Irminger Basin.
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Figure 3

Present day configuration of Greenland and North America, showing vertical gravity gradient data 35,68. Providing an overview of present day and extinct
spreading centres, magnetic anomalies, extensional structures and compressional structures. Seaward dipping reflectors from 54, Labrador Sea and Baffin
Bay data from 1, Davis Strait and Baffin Bay normal faults from 2. Red lines show main compressional features from the Eurekan Orogenic event in Arctic
Canada, from 74. Orogenic fronts according to 75. Abbreviations as follows: AH; Axel Heiberg, BB; Baffin Bay, BI; Baffin Island, CF; Caladonian Front, CFZ;
Cartwright Fracture Zone, DI; Devon Island, DS; Davis Strait, EI; Ellesmere Island, GIFR; Greenland – Iceland – Faroe Ridge, JHFZ; Julian-Haab Fracture Zone,
LS; Labrador Sea, NAC; North American Craton, NF; Nagssogtoqidian Orogen, NF; Nagssogtoqidian Front, SV; Sverdrup Basin, UFZ; Ungava Fault Zone, WF;
Wegener Fault.
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Figure 4

Finite rotational poles for the Greenland and North American plate model. Coloured confidence ellipses are combined 95% ellipses form the Eurasian and
North American, and, Greenland and Eurasian plate models. Black finite rotational poles and 95% confidence ellipses are combined GES (Greenland – North
America) and Eurasia and North America Plate Models. Grey GES corresponds to interpolated (55.9 Ma) rotational pole, and subsequent pre-GES grey poles
are calculated using this without confidence. Red line and black points represent finite rotational poles from 1. Blue line and black points represent finite
rotational poles from 2, C21/C24* shows two rotation poles in the same location. C25* represents the C25 poles of 1,2, which lie in close proximity.
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Figure 5

Plot of ridge crest flowlines from the Greenland and North America plate model, with their respective 95% confidence ellipses in the Labrador Sea (C13 – C25).
Synthetic ridge-crest flowlines both originate at a common along the extinct spreading centre in the Labrador Sea. Red ridge-crest flowlines pre-GES age (55.9
Ma) calculated assuming C25 from GRN-NAM is equal to GES. Blue ridge crest flowlines pre-GES calculated assuming interpolated age of GES (lon/lat/ang;
-39.951/63.184/3.67) calculated assuming an age of 56 Ma. Magnetic anomalies C24 and C25 according to GSFML; 37 , C21 and C22 71 and gravity data
35. Abbreviations as in Figure 3. Flow points for C26, C27, C28, C29, C30 and C32 are generated by interpolation to the appropriate ages.
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Figure 6

Plot of ridge crest flowlines in the Labrador Sea from the Greenland and North America plate model (times after GES) and from the North America and Eurasia
plate model plotted for the Greenland and North American plates before GES. Flow points interpolated for C26, C27, C28, C29, C30 and C32 by assuming
constant spreading rates in the relevant periods, see Table 1A, Appendix A. Magnetic isochron picks C33, C31, C27, C26, C25, C24 GSFML; 37 and C22, C21 71.
Fracture zones picked from gravity data of 35. Paleocene – Eocene crustal boundary modified from 2 according to findings of this study, crustal shapes from
2.

Figure 7

Spreading rates and azimuths (degrees clockwise from north) in the Labrador Sea, using the timescale of Gradstein et al., (2012)70. Spreading rates*
correspond to those calculated using the interpolated GES rotation, assuming Greenland and Eurasia separated at 55.9 Ma.
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Figure 8

Whole-plate flowlines in the Davis Strait from the Greenland and North America plate model (C13 to GES) and Pre-Eocene ridge crest flowlines (C25 to C34)
from the North America and Eurasia plate model, with their respective 95% confidence ellipses. Crustal shapes from 2.
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Figure 9

Plot of ridge crest flowlines in the Baffin Bay from the Greenland and North America plate model (C13 to GES) and Pre-Eocene ridge crest flowlines (C25 to
C34) from the North America and Eurasia plate model, with their respective 95% confidence ellipses. Rotation for GES (-39.951/63.184/3.67) calculated
assuming an age of 56 Ma. *Denotes ellipses derived from the North America and Eurasia plate model. Crustal shapes from 2.
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