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ABSTRACT

Mantle convection is a fundamental process that shapes the Earth’s surface by providing the driving and
resisting forces for horizontal motion of tectonic plates, as well as for inducing non-isostatic vertical motion
commonly termed “dynamic topography”. Growing observational constraints of past plate motion and dynamic
topography have led to better understanding of the history of surface expression induced by mantle flow. Often
these two surface motion signals are studied separately. However, the existence of a thin, mechanically weak
asthenosphere allows geodynamicists to link horizontal and vertical motion changes together via mantle flow
properties in the context of pressure-driven Poiseuille-type flow. In this paper, we utilize publicly available
geologic and geophysical datasets to study early Paleogene plate kinematics and spatiotemporal evolution of
dynamic topography in the North Atlantic region. We find that the North America (NAM) and Greenland (GRN)
plates experienced a rapid kinematic change around late Paleocene—early Eocene, coinciding with episodes of
surface uplift inferred from stage-resolution stratigraphic information around the North Atlantic, Labrador Sea
and Baffin Bay. We quantitatively tie these surface motion signals together to underlying asthenospheric flow
processes by estimating torque variations on NAM and GRN. These are parameterized in terms of reconstructed
kinematic changes as well as predicted Poiseuille-type flow induced by increasing Icelandic plume flux and
speedup of Farallon slab. Our analysis indicates (1) that the torque-change associated with the Icelandic plume
flux closely resembles the ones inferred from kinematic reconstructions, and (2) that the inclusion of slab effects
does not modify significantly such a scenario. Our findings shed light on the role of asthenospheric channelized
flow generated by the Icelandic plume in influencing the early Paleogene North Atlantic surface dynamics.

1. Introduction

1998), the inferred plate motions can be expressed via Euler vectors
(e.g., Morgan, 1968; McKenzie and Parker, 1967). The latter are often
accompanied by uncertainties that can be expressed in the form of co-

Mantle convection is a fundamental process of the Earth system,
as it serves the purpose of releasing heat and manifests itself at the sur-
face over geologic time (Davies and Richards, 1992). It provides driving
and resisting forces for the motions of tectonic plates (e.g., Hager and
O’Connell, 1981), the history of which has been reconstructed from
progressively-denser sampling of ocean-floor magnetization (e.g., Se-
ton et al., 2014). These reconstructions provide information of relative
motions between any two neighboring spreading oceanic plates (e.g.,
Chase, 1978; Minster and Jordan, 1978). Such relative plate-motion
pairs, moreover, can be combined to form plate circuits, which helps to
explore global kinematic patterns (e.g., Miiller et al., 2016). In spher-
ical geometry and under the approximation of plate rigidity (Gordon,
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variance matrices (Chang et al., 1990). To date, reconstructions of past
plate motions have reached an impressive level of sophistication for
both regional (e.g., Gaina et al., 2002, 2009, 2017; Causer et al., 2021)
and global (e.g., Miiller et al., 2016) domains, particularly for motions
during the Cenozoic era. These reconstructions reveal that plate kine-
matic changes of up to 20-30% occur rapidly, that is, within intervals
of few Myrs (e.g., Iaffaldano and Bunge, 2015).

In this context, it is well known that the presence of a thin, low-
viscosity sublithospheric layer (the asthenosphere) plays a critical role
in Earth’s mantle convection (see Richards and Lenardic (2018) for
a review). The mechanical weakness of the asthenosphere allows the
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emergence of channelized fast flow (e.g., Hoink and Lenardic, 2008,
2010), which in turn modulates the large-scale convective planform
(e.g., Bunge et al., 1996). Importantly, such flow features both Couette
and Poiseuille components. The former is driven by moving tectonic
plates, while the latter is driven by lateral pressure gradients (e.g., Stotz
et al., 2018). The notion that both components are additive and con-
tribute independently to the channelized flow, evidenced by the linear
independence of associated terms within the dynamic-balance equation
(e.g., Davies, 1999), is important to recognise: the relative partition-
ing of Couette and Poiseuille flow determines whether stresses at the
base of lithosphere are in accord with, or against, plate motions, that
is, whether a tectonic plate drives or resists the asthenospheric flow be-
neath (Iaffaldano and Bunge, 2015). Early studies proposed that the
Poiseuille flow can be induced by rising mantle plumes, as hot up-
welling provides asthenospheric influx, and generates lateral pressure
variations (e.g., Phipps Morgan et al., 1995). Furthermore, a range of
computer simulations of mantle flow suggests that lateral pressure gra-
dients may form in an internally-heated convection system (Hoink and
Lenardic, 2008, 2010). This result means that asthenospheric Poiseuille-
type flow can also be induced by cold downwellings associated with
sinking subducted slabs, in the absence of plumes.

The notion that asthenospheric Poiseuille-type flow is an integral
part of mantle convection facilitates relating lateral pressure gradients
to mantle-flow induced surface topography. In fact, the latter one, re-
ferred to as “dynamic topography” (Hager et al., 1985), can be studied
as an expression of pressure distribution within the asthenosphere. Con-
trary to the plate kinematic history, which has been investigated and
reconstructed extensively, inferences of past dynamic topography have
remained mostly sparse (see Hoggard et al. (2021) for a review). In
recent years, this topic has received renewed attention, owing to the
fact that the transient nature of dynamic topography leaves imprints in
the sedimentary record (e.g., Mitrovica et al., 1989; White and Lovell,
1997; Friedrich et al., 2018). Such an approach has been applied for
the first time in regions that experienced low dynamic topography, like
the Cretaceous Interior Seaway of North America, where extensive plat-
form subsidence generated sufficient space to retain sediments (e.g.,
Mitrovica et al., 1989). Efforts dedicated for inferring past dynamic-
topography highs have also been made in offshore areas, for instance
near the British Isles, where pulses of sub-marine fan deposition are
interpreted as a proxy for episodic uplifts of neighboring lands (e.g.,
Jones et al., 2001, 2002; White and Lovell, 1997). These inferred dy-
namic uplifts, importantly, provide strong evidence for the existence
of the Icelandic plume. The latter has been extensively investigated in
terms of its past activity and associated surface expressions based upon
studies of V-shaped ridges (e.g., Davis et al., 2012; Parnell-Turner et al.,
2014, 2017; White, 1997) and deep-water currents (e.g., Parnell-Turner
et al., 2015; Poore et al., 2006) in the North Atlantic region. Recently,
Friedrich et al. (2018) proposed a novel technique that interprets inter-
regional scale unconformities seen in geologic maps as the records of
sedimentary hiatus: a missing period in the rock record (Miall, 2016).
Hiatuses potentially reveal continental-scale erosion/non-deposition en-
vironments, and thus are interpreted as a result of past dynamic uplift.
This method has been applied in order to map the spatio-temporal
evolution of hiatus/deposition in individual (e.g., Brown et al., 2022;
Vibe et al., 2018) and multiple (Hayek et al., 2020) continents since
the Upper Jurassic. These maps evidence how, over geologic time, the
distribution of hiatus/deposition environments may vary significantly
across and between continents. The spatial extent of hiatuses, more-
over, can reach up to ~5000 km, a length consistent with the range of
wavelengths of dynamic-topography signals induced by upper-mantle
heterogeneity (Richards et al., 2020).

The histories of horizontal plate motions on the one side, and verti-
cal lithospheric uplift/subsidence on the other are traditionally studied
separately. However, the theoretical framework associated with as-
thenospheric Poiseuille flow provides a way to link these histories and
tie them to the characteristics of the underlying mantle flow. Colli et
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al. (2014) used a plate torque-balance estimates to show that pressure-
driven flow is capable of generating sufficient basal shear to drive the
past motion of the South American plate. Furthermore, they found
that changes in spreading velocity of the South Atlantic Ridge corre-
late with changes in the geologically-constrained vertical motions of
the surrounding continents. Vilacis et al. (2022) noted this correlation
occurred frequently in the Atlantic and Indo-Australia regions, where
a change in spreading rate is often followed by a change in topogra-
phy of the surroundings, inferred from continental-scale hiatus maps.
Vilacis et al. (2022) also employed an analytical model to mimic the
first-degree Poiseuille flow field generated by a plume. They showed
that the extent of the region featuring significant Poiseuille flow under-
neath (at the peak of the model hotspot activity) was comparable to
that of the region exhibiting a hiatus, suggesting that upwelling plume
activity can be responsible for plate motion changes. Wang et al. (2023)
extended the asthenospheric flow model by incorporating the effect of
sinking slabs. The latter reveals a source-to-sink relation, in which the
asthenospheric material sourced from plumes is driven towards sub-
ducted slabs. They found that inclusion of slabs promotes the long-range
transport of warm, buoyant mantle material injected by plumes, and
modulates the basal shear stress acting upon plates. These findings sug-
gest exploring further the possible role of asthenospheric channelized
flow, generated by a combination of plume and slab effects, in causing
temporal variations of surface plate motions.

There are two reasons why the North Atlantic region is an ideal can-
didate to evaluate the relationship between its plate-motion history and
the underlying asthenospheric flow: (1) it holds abundant geophysical
and geological observations, including extensive coverage of ocean-
floor magnetization measurements (e.g., Gaina et al., 2002, 2009, 2017;
Causer et al., 2021), and well-documented stratigraphic record in both
onshore and offshore regions (e.g., Hopper et al., 2014; Gregersen et
al., 2019). The former helps to infer the North Atlantic plate kinematic
history, thus providing direct constraints on the force-balance of tec-
tonic plates (e.g., laffaldano and Bunge, 2015). The stratigraphic record
can be used to interpret the spatio-temporal evolution of past dynamic-
topography signals in the form of hiatus maps. Importantly, the North
Atlantic stratigraphic dataset is compiled at a temporal resolution simi-
lar to geologic stages (~1-5 Myrs), and thus finer than that of geologic
series (~10-20 Myrs) utilized in previous inferences (e.g., Hayek et al.,
2020). Such finer resolution introduces the possibility of deducing the
North Atlantic vertical motion history in greater detail. (2) Inferences
from seismic tomography studies (e.g., Celli et al., 2021) and buoyancy
flux estimates (e.g., Hoggard et al., 2020; Ribe et al., 2020; Parnell-
Turner et al.,, 2017) evidence the presence of a deep seated mantle
plume beneath Iceland. The latter has profoundly influenced the North
Atlantic surface expression (e.g., Anell et al., 2009; Dam et al., 1998;
Jones et al., 2002) and underlying asthenospheric flow properties (e.g.
Hartley et al., 2011; Rudge et al., 2008). Furthermore, the channelized
flow induced in the asthenosphere by the Icelandic plume may be fur-
ther modulated by the Poiseuille-type flow generated by the descent of
the Farallon slab, through the mechanism described above.

In this study we aim at disentangling the role of asthenopsheric
flow components in affecting the early Cenozoic surface motions of the
North Atlantic and surrounding plates. We focus on the late Paleocene—
early Eocene period, as it coincides with a major phase of Icelandic
plume activity inferred from studies of mantle temperature fluctuation
in V-shaped ridges (e.g., Parnell-Turner et al., 2014), magmatic pro-
ductivity in adjacent conjugate margins (e.g., Holbrook et al., 2001),
and widespread appearance of the flood basalts (e.g., Wilkinson et al.,
2017). We start by investigating the North Atlantic plate kinematic
history, utilizing publicly available finite rotations. We proceed by re-
sorting to a recently-compiled stratigraphic dataset to infer the past
dynamic topography at a temporal resolution of geologic stages. Next,
we quantitatively link the two categories of observations by modeling
the North Atlantic asthenospheric flow. The latter is parameterized as
superimposition of Poiseuille-type flow terms associated with (1) in-
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creased Icelandic plume flux, and (2) speedup of Faralon slab. We then
use the asthenospheric flow prediction to calculate torque variations
upon plates, and compare these with the ones required in order to ex-
plain changes in the North Atlantic plate motions. Lastly, we discuss
uncertainties and implications associated with the observations and
modelling strategy utilized.

2. Reconstructed late Paleocene-Eocene plate kinematics

We investigate late Paleocene-Eocene plate kinematics of the North
Atlantic region by examining two relative plate motions: (1) North
America relative to Eurasia (NAM/EUA) based on Causer et al. (2021),
and (2) Greenland relative to Eurasia (GRN/EUA) based on Gaina et al.
(2017). We choose EUA as a fixed reference frame, as it has the largest
basal area among the tectonic plates in the region. This inference im-
plies that EUA would require a larger torque to modify its motion, due
to the larger viscous resistance exerted at the base of lithosphere by the
asthenosphere underneath. Therefore, of all plates in the region, EUA
is arguably the least likely to change its motion through time in a way
detectable via ocean-floor magnetisation, given the same torque varia-
tion. For NAM/EUA, we utilize the finite rotation dataset of Causer et
al. (2021), which is built upon the previous compilation by Gaina et al.
(2002). Importantly, the NAM/EUA finite rotations from Causer et al.
(2021) exclude the magnetic isochron picks in the Greenland-Lofoten
Basins. Exclusion of these magnetic picks ensures that the effects of the
Jan-Mayen micro-continent formation are not propagated to the analy-
ses, and misinterpreted as changes of NAM/EUA motion. For GRN/EUA,
we use a recent compilation from Gaina et al. (2017), which is based
on an augmented dataset of magnetic-anomaly picks and fracture zone
identifications relative to their previous work (Gaina et al., 2002, 2009).

We assign ages to each finite rotation according to the recently-
updated geomagnetic polarity timescale of Ogg (2020). This procedure
allows us to obtain a consistent, temporally-harmonized set of finite ro-
tations across different data sources. We note that Gaina et al. (2017)
do not contain information on covariances for uncertainty assessment.
Therefore, we take a simple approach and assume that covariance ma-
trices are diagonal. Next, we assign to each diagonal element a value
equal to the trace computed from covariances of the temporally-closest
finite rotation in Gaina et al. (2002). This approximation is based
upon the fact that both studies have used broadly identical magnetic
isochron picks and fracture zones to infer their finite rotations. This
information makes us presume that covariances of the two datasets
are somewhat similar. We also note that covariances from Causer et
al. (2021) are provided in the spherical reference system (i.e., longi-
tude, latitude, rotational angle). Here we convert these covariances to
the Euler-angles domain: we first generate 10° randomly sampled fi-
nite rotations, then transform each sample of the ensemble into the
Euler-angles reference system and compute associated covariances ac-
cordingly.

Fig. 1 summarizes the reconstructed plate kinematic history of the
North Atlantic region during the Paleocene-Eocene. Figs. 1 a & ¢
shows the NAM/EUA (panel a) and GRN/EUA (panel c) angular veloc-
ity (solid lines) and associated 68% confidence limits (hatched/faded
areas). Overall a speedup of angular velocity ranging from ~0.3-
0.4°/Myr is observed in both records around the late Paleocene—early
Eocene. The onset of the NAM/EUA speedup occurs at ~57 Ma, fol-
lowed by a more prominent speedup of ~0.2°/Myr around 53 Ma. The
GRN/EUA speedup occurs at ~53 Ma, with another significant speedup
of ~0.3°/Myr around 50 Ma. Figs. 1 b & d illustrate the temporal
path of the associated Euler stage poles. Overall, poles are located near
the present-day South Atlantic and South Africa realms, thus indicat-
ing a primarily westward motion for NAM and GRN relative to a fixed
EUA.

To further investigate the identified late Paleocene-early Eocene
speedup, we use Euler vectors to compute the stage surface veloci-
ties of NAM and GRN during late Paleocene—early Eocene, and assess
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Table 1

Velocity stages used in this study to infer late Paleocene-early Eocene plate kine-
matic change of the North Atlantic region. Ages are according to the recently-
updated geomagnetic polarity timescale of Ogg (2020).

Old stage [Ma] Young stage [Ma] Reference

NAM/EUA
GRN/EUA

53.250-57.101
52.930-57.101

48.878-53.250
47.760-49.666

Causer et al. (2021)
Gaina et al. (2017)

from these the plate kinematic changes occurred through time. Table 1
displays the velocity stages used in our estimate, which correspond to
geologic times before and after the changes discussed above for Fig. 1.
Fig. 2 illustrates the results. NAM experienced a southwestward veloc-
ity change of ~2 cm/yr (Fig. 2a) relative to fixed EUA. Conversely, GRN
experienced a northwestward velocity change of ~3 cm/yr (Fig. 2b).

3. North Atlantic vertical motion history inferred from
stratigraphic record

In previous studies, the notion of asthenospheric Poiseuille-type flow
has been utilized to link rapid plate motion variations to dynamic to-
pography induced by mantle flow (e.g., Vilacis et al., 2022; Colli et
al., 2014; Stotz et al., 2018). In order to probe the Cenozoic vertical
motion history of the North Atlantic region, we resort to publicly avail-
able stratigraphic range charts from the Tectonostratigraphic Atlas of the
Northeast Atlantic Region (NAG-TEC) (Hopper et al., 2014), as well as to
a recent compilation for West Greenland (Gregersen et al., 2019). These
charts consist of mostly borehole (offshore) and outcrop (onshore) data.
From these, we map associated stratigraphic columns in a temporal res-
olution of geologic stages (i.e., few Myrs). This resolution is finer than
geologic series, which lasts ten Myrs to few tens of Myrs, used in pre-
vious studies (e.g., Hayek et al., 2020; Vibe et al., 2018). We follow
the approach developed by Friedrich et al. (2018) and introduce two
further refinements: (1) If a hiatus is present for several consecutive
stages, we mark the last hiatus stage as “end of hiatus” and remaining
as “ongoing hiatus”. The purpose of this distinction is to provide a de-
gree of confidence in interpreting the hiatus signal, because deposition
that occurred in a geologic stage might have been eroded in subsequent
periods. In other words, “ongoing hiatus”/“end of hiatus” indicate a
lower/higher degree of confidence in the inference that erosion and
non-deposition happen in a geologic stage. (2) We incorporate sedi-
ment types recorded in stratigraphic columns by dividing “no-hiatus”
into “terrestrial”, “marine” and “volcanic”. This categorization is use-
ful in offshore regions, where an influx of terrestrial deposits can be
treated as a further proxy for topographic uplift in surrounding lands
(e.g., White and Lovell, 1997). Stratigraphic columns based on bore-
hole data, which contains exact geographical coordinates, are marked
as dots, whereas columns inferred from geologic outcrops are marked
as diamonds. We also resort to a published geochrononlogical dataset of
the North Atlantic Igneous Province (NAIP) (Wilkinson et al., 2017) in
order to include additional extrusive volcanic deposits, and mark these
as triangles.

Fig. 3 shows the compiled geological hiatus maps in the North At-
lantic region from stages of Danian (66.0-61.6 Ma) to Ypresian (56.0-
47.8 Ma), where ages are assigned to the updated chronostratigraphic
timescale (Cohen et al., 2013). These geologic stages cover the Pale-
ocene and early Eocene periods. They coincide with a major phase of
Icelandic plume activity inferred from studies of mantle temperature
fluctuation (e.g., Parnell-Turner et al., 2014) and magmatic productiv-
ity (e.g., Holbrook et al., 2001) in the North Atlantic region. For each
stage, present-day coastlines and mapped features are reconstructed to
their paleo-position using the global plate motion model of Miiller et
al. (2016). In the following, we summarize key stratigraphic features
inferred for each stage: In the Danian (66.0-61.6 Ma) (Fig. 3a), broad-
scale terrestrial deposition occurs between the Norwegian and eastern
Greenlandic margins, indicating a topographic uplift in surrounding on-
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(a) NAM/EUA angular velocity
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(b) NAM/EUA Euler stage-poles
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Fig. 1. Paleocene-Eocene (~66-34 Ma) plate kinematic history between North American/Eurasian plates (NAM/EUA; a-b) and Greenland/Eurasian plates
(GRN/EUA; c-d), where EUA is fixed as a reference. a & c: Angular velocity under a temporal resolution of available stage rotations using a recently updated
geomagnetic polarity timescale by Ogg (2020). Black and gray lines are based on Causer et al. (2021) and Gaina et al. (2017), respectively. Hatched and faded ar-
eas indicate 68% confidence interval. Both records show a speedup around late Paleocene—early Eocene (~57-53 Ma). Inserted globe depicts plate configuration at
53 Ma based on a plate reconstruction model (Miiller et al., 2016). b & d: Associated stage Euler poles, in which marker size increases from the youngest to oldest

stage. Numbers indicate their corresponding time period in the unit of Ma.

shore regions. An end-of-hiatus is seen near the southern part of West
& East Greenland, indicative of a high topography with more confi-
dence. An ongoing hiatus is observed in the northern portion of British
Isles. In the Selandian (61.6-59.2 Ma) (Fig. 3b), marine sedimenta-
tion takes over the previous terrestrial deposits in the Norwegian Sea,
and extends towards Svalbard, West Greenland and the Faroe-Shetland
Basin, north of the British Isles. Together, these features suggest the lack
of uplift activity during this period. In the Thanetian (59.2-56.0 Ma)
(Fig. 3c), widespread volcanism appears near West and East Greenland,
the Norwegian Sea, and west of the British Isles, contributing to the
formation of NAIP (e.g., Wilkinson et al., 2017). Terrestrial deposition
is clustered near southeastern Greenland, Svalbard, central Norwegian
margin and Faroe-Shetland Basin, indicative of renewed uplifts. In the
Ypresian (56.0-47.8 Ma) (Fig. 3d), marine sedimentation occurs near
Svalbard and Norwegian margin, while volcanism continues in West
& East Greenland and Faroe-Shetland Basin. On this basis, our infer-
ence is that the North Atlantic region underwent multiple uplift phases,
prominently in Danian (66.0-61.6 Ma) and Thanetian (59.2-56.0 Ma),
throughout Paleocene.

4. North Atlantic asthenospheric flow

Next, we turn our attention to assess the role of temporal changes
of asthenospheric flow in modulating the North Atlantic surface ex-
pression in early Paleogene. To this end, one would generally need
quantitative knowledge of the component of asthenospheric flow be-
neath tectonic plates that has, or is likely to have, changed over the
time period covered by observations. Here we build a simple analyti-
cal Poiseuille-type model to estimate the asthenospheric flow field at
mid-asthenosphere depth, and include effects owing to the rise of the
Icelandic plume and/or the descent of the Farallon slab. First, in order
to compute flow due to increasing Icelandic plume activity (Ag, ), we
adopt the approach of Iaffaldano et al. (2018); Vilacis et al. (2022), and
approximate the rising plume as a point source that generates flux of
material into the asthenosphere:

H? AP, o Hg Apgir8Ah,

— = a P
Avm,(r): g Ax

2= () &)
. Ax P 8u p

a
where H, is asthenospheric thickness, p, is asthenospheric viscosity,

AP, . . . s
A—X" is plume-induced lateral pressure gradient within the astheno-
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(a) Stages 57.1-53.3 Ma to 53.3-48.9 Ma
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(b) Stages 57.1-52.9 Ma to 49.7-47.8 Ma
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Fig. 2. (a): surface velocity change of NAM relative to fixed EUA in late Paleocene-early Eocene. (b): same as (a) but for GRN relative to fixed EUA. Overall, we
note that NAM and GRN illustrate a divergent surface motion change relative to each other. Ellipse denotes 68% confidence. Exact ages of stages used are shown in
Table 1. Present-day coastlines are reconstructed back to 53 Ma using a plate reconstruction model (Miiller et al., 2016). Solid black line denotes associated plate
contours, which are obtained from the same model above. Inserted globe depicts the North Atlantic plate configuration at 53 Ma.

Table 2

Notations used in this study.
Symbol Description Value  Units
I3 Position vector
A, ,(F) Change of plume flow velocity at 7 m/s
AD, (F) Change of slab flow velocity at 7 m/s
AP,/Ax Plume induced lateral pressure gradient Pa/m
AP,;/Ax;  Slab induced lateral pressure gradient Pa/m
i, (F) Unit vector for AD, ,(F)
a,(F) Unit vector for AP, ;/Ax;
17;” Prescribed slab flow velocity m/s
’72,; Slab flow velocity beneath subduction zone m/s
H, Asthenospheric thickness m
Hy Asthenospheric viscosity Pa-s
Apgy Density contrast between mantle and displaced air 3300 kg/m?3
g Gravitational acceleration 9.81 m/s?
Ah, Dynamic-topography change due to plume m
AM Torque variation inferred from plate kinematics N-m
AM » Torque variation predicted from analytical models N-m
D Plate velocity m/s
1 Time after plate-motion change s
t) Time before plate-motion change s
Aw Change of Euler vectors rad/s
C Linear operator for torque analysis
A Plate basal area m?

sphere, Ax is geographical distance from the present-day location of
Icelandic plume center, 7 is a generic geographical location at mid-
asthenospheric depth, 4,(F) is a unit-vector field at position F (see
Table 2). For the sake of simplicity, we assume a fixed plume loca-
tion over time. AP, can be estimated as Ap,;, gAh,, where Ap,;, is the
density contrast between mantle and displaced surface layer (i.e., air)
due to dynamic topography high (3300 kg/m?3), g is the gravitational
acceleration constant (9.8 m/s?), and Ah p is the dynamic-topography
change owing to the Icelandic plume flux variation. We assign 700 m to
Ahy, as this value is consistent with inferences from paleo-landscape
studies in the British Isles (e.g., Jones et al., 2002; Hartley et al.,
2011). They have suggested the occurrence of a ~500-900 m tran-
sient uplift over a 1-3 Myrs interval in late Paleocene-early Eocene

due to the passage of buoyant Icelandic plume material in the astheno-
sphere.

In order to estimate the Poiseuille-flow component induced by the
descending Farallon slab, we approximate the latter as a line sink that
draws surrounding asthenospheric material towards its location. The
slab geometry is discretized as multiple point sinks, each of which pro-
duces a convergent (i.e., directed towards the sink location) Poiseuille-
flow pattern. For the sake of simplicity, we assume that the slab de-
scends vertically, and place the location of line sink at the paleo position
of the Farallon/North America convergent boundary. The latter is de-
termined following on the workflow developed by East et al. (2020).
We then compute the total Poiseuille-flow component Ap, ((F) associ-
ated with the line of sinks at the generic geographical position 7 in
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Fig. 3. Geological hiatus maps (GHMs) of the North Atlantic region with a temporal resolution of geological stages from the Danian datum to the Ypresian datum
(a-d), where ages are assigned the updated chronostratigraphic timescale of Cohen et al. (2013). Each panel displays occurrence of terrestrial (orange), marine
(light blue), volcanic (black) deposits, as well as ongoing hiatus (pink) and end of hiatus (red) in corresponding stage (see text for details). Dots and diamonds are
inferred from ocean drilling and outcrop data, respectively, from a compiled stratigraphic-range chart dataset (Hopper et al. (2014)). Black triangles are based on a
geochronological database of the North Atlantic Igneous Province (NAIP) (Wilkinson et al. (2017)). Grey circle indicates the present-day location of the Icelandic (I)
plume Courtillot et al. (2003). Present-day coastlines are reconstructed with respect to a plate motion model tied to a global moving hotspot reference frame (Miiller
et al. (2016)). In the Danian, a regional-scale influx of terrestrial sediments was observed in offshore Norwegian and east Greenlandic margins, indicating a growth
of topography in surrounding onshore regions. This terrestrial influx is followed by an increase of volcanic activities in succeeding stages.

mid-asthenosphere depth by taking the vector summation of individual
point-sink fields:

i=1 I

u H? AP
Ab, (F)= Z <_8Ma A; >ﬁ,.(7') 2

where i and n denote index and number of sinks, respectively, % is
the lateral pressure gradient associated with the point-sink, i;(F) is a
unit-vector field related to the i-th sink.

The study of Wang et al. (2023) has linked AP;; to slab induced
dynamic subsidence. However, studies of the stratigraphic record (e.g.,
Mitrovica et al., 1989) and continental-scale hiatus maps (Hayek et al.,
2020; Vilacis et al., 2022) have suggested a late Cretaceous-Tertiary

rebound in the western interior of North America, immediately follow-

ing its long-lasting low dynamic topography. In principle, this rebound
would not produce a Poiseuille-type flow towards the subduction zone.
Here we propose an alternative scenario where such flow can be gener-
ated by an absolute speedup of the Farallon plate, owing to additional
entrained asthenospheric material. Such speedup is documented in stud-
ies of the Pacific plate circuit in early Paleogene (e.g., Wright et al.,
2015), and is incorporated in the global plate motion reconstruction of
Miiller et al. (e.g., 2016). This information is shown in Fig. 4a, where
we note a ~2 cm/yr increase of root mean square convergence veloc-
ity of Farallon and Kula plates relative to a moving hotspot reference
frame around 55 Ma.

Since the relation between convergence velocity-change and Ao, , is
not well known and beyond the scope of this study, we make a further
simplification by fixing A7, as a constant within the vicinity of slab
(~1000 km). To do so, we derive AP, ; from a simple scaling argument:
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Fig. 4. (a): Root mean square (RMS) convergence velocity near western North America over a 1 Myr interval based on a global plate motion reconstruction (Miiller
et al., 2016). Blue and red lines show the RMS convergence relative to subduction zone and a global moving hotspot reference frame (Torsvik et al., 2008). Note
an increase of RMS convergence near 55 Ma in both cases. (b). Plate configuration of western North America at 55 Ma. Dashed line indicates extracted convergent
boundary based on the workflow developed by East et al. (2020). Grey circle is the present-day location of the Icelandic plume (I). FAR: Farallon. KUL: Kula. NAM:

North America.

210 -0
APS,I’ ~ %”a 3

a

where | D; — Dg ; | is the norm of the velocity difference between a

prescribed slab flow velocity o’ s and slab flow velocity beneath the

subduction zone U ,- Since we assume that the slab descends vertically,

it is ug =0 (e, 0 — ug = v ;). We note that the magnitude of Auv,

is proportional to the number of smks n (see Equation (2)). We therefore
adjust n accordingly, so Av, ; would approximately match o p ;- In other
words, Av,  is constramed dehberately by the input o

Concermng our model parameterization, post-glaaal rebound (PGR)
studies (e.g., Paulson and Richards, 2009; Richards and Lenardic, 2018)
have inferred a trade-off relation between asthenosphere viscosity and
thickness: PGR models featuring a thick, stiff asthenosphere fit data as
well as models featuring a thin, mobile channel. This trade-off has been
parameterised by Paulson and Richards (2009) as u,/u,, Hs, where
U, is the viscosity of the upper mantle underneath the asthenospheric
channel. To address this non-uniqueness, we cast y, and u,, as free pa-
rameters, ranging from 1 x 10'8 — 1 x 1020 Pa-s and 5 x 1020 — 4 x 102!
Pa's, respectively. We draw an ensemble of ~107 (u,, u,,) parameter
pairs, and determine associated H, based on inference from Paulson
and Richards (2009). Among the (4,, 4,,, H,) sets so obtained, we make
a further selection by imposing also the Haskell constraint (Mitrovica,
1996), which states that the average upper mantle viscosity from the
base of lithosphere to near 1400 km depth is ~0.65-1.1 x 10%! Pa - s
Fig. 5a shows the sampled (y,, y4,,, H,) combinations that satisfy the
trade-off relation inferred from PGR studies, where H, is computed as
the function of upper mantle viscosity contrast (i.e., u,/u,,, see Paulson
and Richards (2009)). Red bands represent boundaries where sampled
parameter sets are compatible also with the Haskell constraint, having
assumed a 100-km-thick lithosphere. After imposing the Haskell con-
straint, the ensemble reveals a limited range of plausible values of y,,,
which spans ~0.7 - 1.5 x 10%! Pa - s, relative to the originally-sampled
U, (.e.,0.5—-4x10% Pa-s).

To illustrate the sensitivity implied by this observationally-con-
strained parameterization, we select two (u,, H,) sets: (1.4 X 10 pa -
s, 100 km) and (7.5 x 10!° Pa - s, 200 km), and compute the associated
North Atlantic asthenospheric flow in the early Paleogene. We choose
these two parameter pairs, because their H, range is in line with the to-
mographic inference of hot channelized asthenospheric material in the
upper mantle (e.g., French et al., 2013; Celli et al., 2021). Figs. 5b - g
illustrates the resulting flow fields. They depict the estimated Poiseuille-
type flow at mid-asthenosphere depth due to the Icelandic plume, the
Farallon slab and their combined effect. Overall, the predicted flow due
to the Icelandic plume (Figs. 5b & e) features a radially outward pattern,

where the velocity decays relative to the distance away from the plume
center. The velocity magnitude differs slightly between two cases, ow-
ing to a different Hg /u, ratio (see Equation (1)). To estimate the flow
pattern caused by the Farallon slab (Figs. 5¢ & f), we choose 2 cm/yr as
the input AU , consistent with absolute convergence velocity change
based on global plate motion reconstructions (Fig. 4). The slab flow field
indicates a planar pattern beneath North America, where surrounding
asthenospheric material is drawn towards the slab location. Figs. 5d &
g shows the combined asthenospheric flow, which is the superposition
of plume and slab flow fields. The resulting flow pattern illustrates a
source-to-sink relation, where material sourced from Iceland is driven
towards the Farallon slab, with a flow velocity of ~5 cm/yr beneath
North America. Note that the asthenospheric flow patterns between the
two end-member parameter-sets are broadly similar. This relation indi-
cates that our Poiseuille-type flow prediction is not significantly altered
by the choice of (u,, H,).

5. Torque variations upon plates in the North Atlantic region

The estimated asthenospheric flow exerts a shear-stress field at the
base of the tectonic plates above, and thus results in an additional
torque, or torque variation in the case of temporal changes of flow upon
them. We compute such torque variation, and compare it with what is
required to result in the kinematic changes indicated by reconstructions
of the North Atlantic region. This approach allows us to quantitatively
test whether the hypothesized asthenospheric process, which implies
temporal flow changes, is a geodynamically-plausible candidate to ex-
plain the observed plate motion changes. The equations presented in
the following are reprised from previous studies (e.g., Iaffaldano and
Bunge, 2015; England and Molnar, 2022), and are reported here for
completeness of information to the readership. The torque variation
AM required upon a plate in order to change its motion between two
points in geologic time (¢, 1) is

e 3

where u, and H, are asthenosphere viscosity and thickness. A is the
plate basal area in spherical domain. 7 denotes the position vector of an
infinitesimal plate basal area d A(F). O(7, ) is the plate motion at position
7 and time ¢ (see Iaffaldano and Bunge (2015) for detailed derivation).
Since one can link the plate motion &(7,7) to the plate Euler vector @
(i.e., 0(F,1) = @(t) X F), Equation (4) can be rewritten as

X [0(F, 1)) — 0(F, 1)1 d A(F) (C)]

AM:/%-[FX(A&)XF)MA(F) ©)
A a
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Fig. 5. (a). Ensemble of asthenosphere viscosity (1), thickness (H,) and remaining upper mantle viscosity (u,,) based on the trade-off relation inferred from
post glacial rebound (PGR) studies (e.g., Paulson and Richards, 2009; Richards and Lenardic, 2018). H , is treated as a function of upper mantle viscosity contrast
(i.e., Hy = f(uys/pp), see text for details). Red circles indicate boundaries where ensemble satisfies the Haskell constraint (Mitrovica, 1996). Note the bounded
parameter sets contain a limited range of y,, between ~0.7-1.5 x 10%' Pa - s. Diamonds indicate two sets chosen for estimating the North Atlantic asthenospheric
flow flux in Late Paleocene-early Eocene. Their H, range is in agreement with the tomographic inference of hot channelized asthenospheric material in the upper
mantle (e.g., French et al., 2013; Schaeffer and Lebedev, 2013). Panels (b)-(g) display the resulting flow fields associated with Icelandic plume (b & e), Farallon slab
(c & f) and their combined effects (d & g). Note flow patterns are overall similar between two parameter sets, despite minor difference in velocity magnitude.

where A® is the Euler-vector change between two stages, and is inde-
pendent of 7. Thus Equation (5) can be written as a linear map (e.g.,
Martin de Blas and Iaffaldano, 2019; Espinoza and Iaffaldano, 2023)

AM =CA® (6)

where C is the plate-specific linear operator:

tc;; Cxy Cxz
C=] =y ote  —cy @
-,y —C;  CyetCyy

cij:/ By, dAGR) (8)
A
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Table 3
Entries of linear operator C from Equation (7) in this study.

Plate  Cy Cp Ci3 Cy Cy C3
(x10* Pa-s-m?3)

NAM 24.86 2.72 -2.50 19.00 8.75 11.66
GRN 21.11 1.09 -7.84 23.77 2.51 3.77

The indices i, j denote Cartesian coordinates x, y and z. We draw 10°
samples of each of the Euler vectors for the two stages considered, and
use them to build ensembles of A@. We choose stages reported in Ta-
ble 1, and resort to Equation (7) to map A& samples into an ensemble
of AM . The latter represents the minimum torque variation required to
generate the North Atlantic plate kinematic change in late Paleocene-
early Eocene. In order to compute C, we assign a thickness of 115 km
and a viscosity of 2 x 10!° Pa - s to the model asthenosphere under-
neath NAM and GRN. This parameter pair represents the mean of the
(H,, n,) ensemble in Fig. 5a. Table 3 lists the resulting entries of C for
each plate.

Next, we compute the torque variation associated with the change
in asthenospheric Poiseuille-type flow (AM ) over the time period from
1, to t,. We adopt the approach developed by Iaffaldano et al. (2018):

H

- ) _
AM,= /rx AD,(F, 1) — 1) d A(F) ()
4 a

where AD,(F, 1) —1,) is the field describing the change of asthenospheric
flow (Equations (1)-(3)). The factor 2 in Equation (9) relative to Equa-
tion (4) stems from the fact that the torque-variation estimate is based
upon the force caused by underlying shear stress ¢ at the base of litho-
sphere. ¢ is obtained from a scaling relation in terms of the horizontal
velocity gradient relative to an asthenosphere depth D (i.e., 6 = y, %).
On the one hand, the parabolic nature of Poiseuille flow indicates that
the maximum Av occurs at the mid-asthenosphere (i.e., D =0.5H; see
Stotz et al. (2018); Vilacis et al. (2022) for schematic representation of
Poiseuille/Couette flow). On the other hand, the Couette flow induced
by the overlying plate motion has a linear envelope relative to astheno-
spheric depth, implying that the associated Av reaches the maximum at
its bottom (i.e., D= H,).

Equations (5) & (9) also provide information about the orientation
of the torque-variation exerted upon a plate. This information can be
represented as a torque-variation pole, that is, the intersection of the
torque-variation axis (AM /|AM| and AM,/|AM |) with Earth’s sur-
face. Figs. 6a-b show the comparison of poles obtained from the recon-
structed plate-kinematic changes (black and grey circles; representing
the mean of ensemble) as well as the estimated change in astheno-
spheric flow (colored circles). For the latter, we assign 700 m dynamic
uplift as for the calculations in Figs. 5b-c to estimate the effect of the Ice-
landic plume-flow variation. For the flow induced by the Farallon slab
descent, we consider three distinct cases with prescribed flow-velocity
17; = 1, 2, and 4 cm/yr (see Equation (3)). Fig. 6a & b depict the
torque-variation poles for NAM/EUA and GRN/EUA, respectively. Poles
predicted by the Icelandic plume-flow change (red circle) are in close
proximity with those obtained from kinematic reconstructions (black &
gray circles). This proximity is prominent for GRN/EUA, where the pre-
dicted pole associated with plume-flow changes lies within the 99%
confidence region of that associated with plate-motion changes. To-
gether they indicate a good fit of torque-variation direction between
reconstructed plate kinematics and asthenospheric Poiseuille-type flow
induced by the Icelandic plume. Poles associated with predicted torque-
variations start to deviate from those associated with reconstructed
kinematic changes when one accounts for the effect of the Farallon slab
descent.

Figs. 6¢ & d display the comparison of torque-variation magnitudes.
Histograms are distributions of sampled torque variations based on re-
constructed plate kinematics (|AM|). They indicate the minimum mag-
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nitude required in order to generate the inferred plate motion changes.
Vertical solid lines are predictions based on estimated changes in as-
thenospheric flow (|AM »1); while shaded regions represent the range
obtained by assuming dynamic uplift due to the rising Icelandic plume
between 500 and 900 m. This range is consistent with observational in-
ferences from paleo-landscape studies (e.g., Jones et al., 2002; Hartley
et al., 2011). In general, the distribution of |AM| centers ~ 2 x 10%
and ~ 3 x 10** Nm for NAM/EUA and GRN/EUA, respectively. The
difference of nearly one order of magnitude arises from the different
basal areas of NAM and GRN. We note that |AM | associated with
the Icelandic plume-flow change lies closely within the most recurrent
68% of estimated ensemble inferred from kinematic reconstructions.
The addition of slab flow change, moreover, helps |AM »| to exceed the
reconstructed |AM |, as expected. Together, they imply that the hypoth-
esized asthenospheric flow processes could produce a torque variation
that is i) sufficient and ii) oriented in the right direction in order to
generate the reconstructed plate kinematic change.

6. Discussion

While being simplistic, the description of asthenospheric flow
changes in terms of Couette/Poiseuille components (e.g., Phipps Mor-
gan et al., 1995; Hoink and Lenardic, 2008, 2010) provides an effective
analytical framework to link rapid plate-motion variations with past
dynamic topography signals. Though this inference is often expressed
as torque balance upon plates (e.g., Iaffaldano et al., 2018), it requires
knowledge of the history of horizontal and vertical plate motions that is
preserved in different and independent geologic records. The history of
horizontal plate motions during the past ~ 200 Myrs benefits from sev-
eral decades of efforts in mapping the ocean-floor magnetization (e.g.,
Seton et al., 2014), and has received renewed attention over the past
decade aimed at inferring plate kinematic changes at a temporal res-
olution of few Myrs (e.g., DeMets et al., 2015; Causer et al., 2021).
Instead, inferences of past non-isostatic topographic changes, while rel-
atively newer (e.g., Hoggard et al., 2021), can be put forth on the basis
of extensive stratigraphic record available to the community.

The maps utilized here, which we compiled following the recently-
developed approach of hiatus maps (e.g., Brown et al., 2022; Hayek et
al., 2020; Vibe et al., 2018), aim to refine the North Atlantic vertical mo-
tion history with higher temporal resolution corresponding to geologic
stages, and information of sediment type. One novel inference that can
be drawn from our maps is that of episodes of terrestrial influx and end-
of-hiatus signals, prominently in Danian and Thanetian (Fig. 3). This
newly obtained information adds additional proxies to the Paleocene
North Atlantic topography history, since previous maps, which featured
resolution corresponding to geologic series, only depicted a single-phase
hiatus in Europe at the same time (Hayek et al., 2020; Vibe et al., 2018).
These refined signals, moreover, are in line with independent con-
straints on past vertical motion such as provenance studies (Morton et
al., 2005), landscape analyses (e.g., Dam et al., 1998) and river profile
inversion (e.g., de Quay and Roberts, 2023; Hartley et al., 2011). To-
gether they support the notion of a multi-phase Paleocene topographic
uplifts in the North Atlantic region. Such a notion is geodynamically
plausible in the context of temporal variations of the Icelandic plume
activity (e.g. Parnell-Turner et al., 2014), in which changes of active
upwelling generate pulses of thermal anomalies through the plume con-
duit. These thermal pulses lead to episodic increases of Poiseuille-type
flow in the low-viscosity asthenosphere, which in turn induce periodic
surface uplifts.

On the other hand, the kinematic changes experienced by NAM and
GRN occur in two different directions: southwest for the former, north-
west for the latter (Fig. 2). This inference may suggest that two different
geological processes are responsible for these different changes. How-
ever, under the assumption of the radially propagating Poiseuille-type
flow flux associated with the Icelandic plume, the following observa-
tion is noteworthy: the paleo-position of GRN near late Paleocene-early



Z.R. Wang, G. Iaffaldano and J.R. Hopper

(a) Torque variation poles [NAM/EUA]

(c) Magnitude variation [NAM/EUA]

Earth and Planetary Science Letters 641 (2024) 118831

(b) Torque variation poles [GRN/EUA]
A

Reconstructed poles:
Causer et al., (2021)
Gaina et al., (2017)
Solid/dashed contour lines:
68/99% confidence

Predicted poles:
Plume flow change only
Slab flow change only

® Plume & 2 cm/yr Slab flow change
Plume & 4 cm/yr Slab flow change

(d) Magnitude vériation [GRN/EUA]

Horizontal lines:
80000 80000 Most recurrent 68%
Shaded region:
500-900 m dynamic uplift
[}
g 60000 60000 H, =115 km
o
g Ha=2-10% Pa's
3 40000 40000
-4
20000 20000
0 . 0
0.0 0.2 0.4 0.6 0.8 1.0 0.00 025 050 0.75 1.00 1.25 150 175 2.00

Magnitude of torque variation [Nm]

le26

Magnitude of torque variation [Nm] ieao

Fig. 6. (a) & (b): Comparison of torque variation poles for NAM/EUA and GRN/EUA, respectively. Black and grey circles indicate poles inferred from plate kinematic
reconstructions. Solid/dashed contour lines are 68/99% confidence. Colored circles are poles predicted by analytical asthenosphere flow estimates. Here we choose
a dynamic uplift of 700 m to compute the plume flow effect (see text for details). We assign a 115 km thick asthenosphere with a viscosity of 2 x 10'° Pa - s, since
they represent the mean of parameter sets sampled in Fig. 5a. Note locations of predicted poles due to the plume flow change only are broadly compatible with
reconstructed poles. (c) & (d): Associated toque magnitude variation. Histograms are distributions of sampled torque variation from plate kinematic reconstruction.
Vertical lines and shaded regions are predicted torque variations based on asthenosphere flow estimates. Again note the close compatibility of torque-variation
magnitude between kinematic inference and asthenospheric flow estimate related to the Icelandic plume flux only.

Eocene was such that the Icelandic plume was at its base in the south-
ern region. This information implies that most of the asthenospheric
radial flux coming from the Icelandic plume and in contact with the
base of GRN had a strong component directed to the north. Meanwhile,
the paleo-position of NAM was located west of the Icelandic plume,
thus most of the Poiseuille-type flux in contact with the NAM base
had a strong component directed to the west. These observational infer-
ences make the notion of a single process responsible for both kinematic
changes somewhat more plausible, at least to first-order. In addition,
this divergent pattern of the kinematic changes experienced by NAM
and GRN is consistent with the portion of outward Poiseuille-type flow
direction produced by the plume (Figs. 5b & e) and sampled by the base
of each plate.

Our hypothesis above is further supported by the torque analyses
shown in Fig. 6. The latter reveals a proximity between torque-variation
poles required for the reconstructed kinematic changes in the North At-
lantic and provided by the asthenospheric flow-change hypothesized
for the Icelandic plume. This inference suggests that the asthenospheric
flow induced by the Icelandic plume alone is capable of generating a
torque-variation direction that broadly agrees with the kinematic re-
construction. On the contrary, the asthenospheric flow effect due to

10

the speedup of Farallon slab leads to a deviation of torque-variation
poles away from the confidence region of those inferred from recon-
structions. Such deviation implies that the slab is a less-likely candidate
to explain the NAM and GRN plate kinematic changes. Apart from the
directional information, the estimated magnitudes of torque-variations
also indicate that the predicted range of plume-induced A M » is compat-
ible with the most recurrent 68% of AM, required to generate the NAM
and GRN kinematic changes (Figs. 6¢ & d). Moreover, this result holds
under various (H,, u,) combinations constrained by PGR data (Paul-
son and Richards, 2009; Richards and Lenardic, 2018) as well as the
Haskell inference (Mitrovica, 1996) (Fig. 5a; see Supplementary Mate-
rials). Our inferred kinematic changes appear to occur after the proxy
topographic uplifts deduced from stratigraphic record. This inference
is in line with previous studies that correlate spreading-rate variations
and proxy dynamic topography inferred from continental-scale hiatus
maps in the Atlantic and Indo-Australia regions (Vibe et al. (2018); Vi-
lacis et al. (2022)). Such time-lag is geodynamically plausible in terms
of the time required for propagation of thermal plume pluses through its
conduit into the low-viscosity, thin asthenosphere (e.g., Davies, 1999).
Together these inferences support the notion that temporal variations of
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the Icelandic plume activity have a significant role in influencing North
Atlantic plate motion changes during the late Paleocene-early Eocene.

Nonetheless, some discrepancies exist between required and pro-
vided torque-variations (Figs. 6a & b). Such disagreement is particularly
notable in the inference concerning NAM, where the predicted torque-
variation pole lies outside the reconstructed 99% confidence region. On
the one hand, such a discrepancy indicates the possibility that the as-
thenospheric flow change followed a slightly different pattern. On the
other hand, we emphasize that the approach utilized here is a simpli-
fied one: we have, for instance, assumed a fixed EUA reference frame
for the kinematic reconstruction. To this end, we note that our findings
hold also in the case of torque-variations upon NAM tied to an absolute
hotspot reference frame (see Supplementary Materials). Furthermore,
we have assumed a constant asthenospheric thickness in our torque-
variation predictions. In reality, the thickness of the low-viscosity as-
thenospheric channel appears irregular on global scale, particularly
under continents, where thick cratonic roots have been imaged through
seismic tomographic models (e.g., Celli et al., 2021). The presence of
these roots would significantly reduce the asthenospheric thickness be-
neath continental regions, and alters locally the asthenospheric flow
and thus the associated shear stress (e.g., Sleep, 1997). We also employ
a Newtonian asthenospheric rheology, but there is alternative evidence
pointing towards a non-Newtonian behavior of the upper mantle (e.g.,
Karato and Wu, 1993). The latter might lead to a more complex astheno-
spheric flow field in the form of “plug-flow”, as indicated by recent
geodynamic simulations (e.g., Semple and Lenardic, 2018). The forma-
tion of “plug-flow” means that it would no longer be possible to linearly
superpose individual plume and slab Poiseuille flow components. Un-
der an assumption of non-linear rheology, we would also expect a faster
plume flow velocity due to a lower viscosity in the vicinity of the plume
conduit, and hence a higher buoyancy flux (see Supplementary Materi-
als for an estimate). While such rheology would in principle change the
operator C (see Equation (7)), a recent study of plate torques that con-
siders this non-linearity has found that it yields only minor variations
of the torque estimates (England and Molnar, 2022). Furthermore, our
modeled Icelandic plume flow is assumed to have a radially outward
flow pattern in the asthenosphere. Nevertheless, there are growing con-
straints indicating a more complex flow pattern such as generation of
“horizontal viscous fingers” (e.g. Schoonman et al., 2017).

In addition to the limitations naturally built into any quantitative
model, we also point out some shortcomings of the observational infer-
ences used here. The particular plate kinematic reconstructions feature
a resolution of 5-10 Myrs that, while dictated by the coverage of ocean-
floor magnetization maps available for the North Atlantic, is less that
what available for other regions (~1 Myr resolution (e.g., DeMets et
al., 2015; DeMets and Merkouriev, 2021)) during the Paleogene. Be-
sides that, we resort to two independent studies to infer kinematics for
NAM/EUA and GRN/EUA individually. Thus it is essential to test the
resultant motion for NAM/GRN to ensure the closure of plate circuits
(see Supplementary Materials).

The stage-resolution featured in unconformities maps reveal two
major uplift phases in Danian and Thanetian. Paleo-landscape stud-
ies near North Sea have further resolved three successive topographic
growth episodes since the Thanetian (e.g., de Quay and Roberts, 2023;
Hartley et al., 2011). The inferred Thanetian uplift reflects an accumu-
lation of these events, yet it lacks the sufficient temporal resolution to
deduce them, therefore calling for additional refinements in the future.
Whilst the maps used here provide proxies for the spatial extent of past
dynamic topography, they lack associated magnitude information. The
latter might be deduced by independent constraints on paleo-elevation,
such as thermochronology (e.g., Ehlers and Farley, 2003), river profiles
analysis (e.g., de Quay and Roberts, 2023; Hartley et al., 2011), and
sedimentary compaction studies (e.g., Japsen, 2018). Furthermore, the
geochronological dataset we resort to (Wilkinson et al., 2017) may also
be subjected to non-systematic sampling bias.
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7. Conclusion

In this study, we utilize publicly-available finite rotations to infer
kinematic changes that occurred in the North Atlantic region during
the early Cenozoic. Our analyses reveal a ~2-3 cm/yr velocity speedup
of NAM and GRN in late Paleocene-early Eocene. These speedups co-
incide with episodes of proxy Paleocene topographic growth in the
North Atlantic region, which are constrained by stage-resolution strati-
graphic hiatus maps that we compiled as part of this study. These
uplift events can be explained by the notion of transient behavior
of Icelandic plume activity, and a subsequent increase of Poiseuille-
type flow in the mechanically-weak asthenosphere. To quantitatively
link these two independently-established surface signals, we estimate
torque-variations i) required to explain the kinematic changes expe-
rienced by NAM and GRN, and ii) provided by temporal changes in
the activity of the Icelandic plume flux, which we obtained via a
parametrization of the consequent asthenospheric flow-change. We find
that estimates of torque-variations are in close proximity with each
other. Results, moreover, hold for different values of input parame-
ters, including asthenospheric thickness & viscosity combinations, as
well as when assuming an alternative reference frame for the kine-
matic reconstructions. Furthermore, our analyses account for the role of
Poiseuille-type flow induced by the speedup of Farallon slab, evidenced
in reconstructions of the Pacific kinematics. We note, however, that the
inclusion of the latter effect tends to reduce the degree of fit between
required and estimated torque-variations. In light of these results, we
conclude that the Icelandic plume activity plays a primary role in con-
trolling seemingly-unrelated signals of North Atlantic surface motions.
The increase of Icelandic plume activity occurred in the early Paleogene
is a geodynamically plausible candidate to simultaneously explain the
uplift history of the surrounding regions and the speedups of NAM and
GRN tectonic plates.
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found in Causer et al. (2021) and Gaina et al. (2017), respectively.
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