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ARTICLE INFO ABSTRACT

Keywords: The Labrador Sea and Baffin Bay form an extinct Palaeogene oceanic spreading system, divided by a major
Composition and structure of the continental continental transform, the Davis Strait, with the whole region defined as the Northwest Atlantic. The Davis Strait
gn_lSt ) hosts the Ungava Fault Zone and is the central structural element of the Davis Strait Large Igneous Province
eismology

(DSIP) that formed broadly coeval with continental breakup to its north and south. While constraints on the
crustal structure in this region primarily exist in the offshore, crustal models are limited onshore, which makes an
interpretation of regional structures as well as the extent, and therefore origin of the DSIP extremely difficult to
ascertain. Here, we have collected all available teleseismic data from the Northwest Atlantic margins and applied
a receiver function inversion to retrieve station-wise velocity models of the crust and uppermost mantle. We
integrate the outcomes with published controlled-source seismic data and regional crustal models to make in-
ferences about the crustal structure and evolution of the Northwest Atlantic. In particular, we focused on con-
straining the spatial extent and origin of high velocity lower crust (HVLC), and determining whether it is
generically related to the Davis Strait Igneous Province, syn-rift exhumed and serpentinised mantle, or pre-
existing lower crustal bodies such as metamorphosed lower crust or older serpentinised mantle rocks. The
new results allow us to better spatially constrain the DSIP and show the possible spatial extent of igneous-type
HVLC across Southwest Greenland, Northwest Greenland and Southeast Baffin Bay. Similarly, we are able to
relate some HVLC bodies to possible fossil collision/subduction zones/terrane boundaries, and in some instances
to exhumed and serpentinised mantle.

Receiver functions
Joint inversion
Crustal imaging
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Magmatism

1. Introduction

The Northwest Atlantic, here defined as the Labrador Sea and Baffin
Bay (e.g. Abdelmalak et al., 2019), forms an extinct early Cenozoic
spreading system separated by the Ungava Fault Zone underlying the
Davis Strait bathymetric high (Figs. 1 and 2). The distribution and vol-
umes of breakup-related volcanic products vary considerably along the
margins of this region, with first-order variations appearing to be
controlled by major faults (Skaarup et al., 2006). Following initial
continental rifting, beginning in the Early Cretaceous or possibly earlier
(Larsen et al., 2009), the Labrador Sea-Baffin Bay spreading system is
thought to have evolved in three stages — Palaeocene, Eocene, and
Oligocene to present — including major changes in extension direction
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(Oakey and Chalmers, 2012). The Labrador Sea-Baffin Bay oceanic ba-
sins and rifted margins are heavily segmented both structurally and in
terms of igneous products (Skaarup et al., 2006 Abdelmalak et al., 2019;
Schiffer et al., 2020; Heron et al., 2019) not least by the Davis Strait,
which has acted as a transform between the offset Baffin Bay and Lab-
rador Sea basins and hosts the Davis Strait Igneous Province (DSIP). The
DSIP formed largely coeval to continental breakup in the region
(Abdelmalak et al., 2019; Clarke and Beutel, 2020). This structural and
magmatic segmentation is to a larger degree controlled by pre-existing
structures (Peace et al., 2018a; Peace et al., 2018b; Heron et al., 2019;
Schiffer et al., 2020), but the dominant mechanism driving continental
breakup in the region is debated. This debate specifically focuses on
whether a plume played a major role, or whether a plume is even
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required to explain breakup, magmatism and structural evolution (Dam
et al., 1998; Graham et al., 1998; Peace et al., 2017; Clarke and Beutel,
2020; Foulger et al., 2020; Peace et al., 2020).

While the Northwest Atlantic is well covered by marine deep crustal
seismic transects (see references in Fig. 3), seismic constraints onshore
are more limited and only available from permanent or temporary
seismic stations for earthquake observations and few active source
seismic lines (Fig. 3). As a result, onshore-offshore relationships are
therefore either poorly or not constrained. Regional crustal models
onshore rely on potential field inversion (Welford and Hall, 2013;
Welford et al., 2018; Lebedeva-Ivanova et al., 2019), tomographic
methods with rather low resolution (e.g. Darbyshire, 2005; Darbyshire
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et al., 2017; Pourpoint et al., 2018) and only few reference points from
previously published station-wise crustal models from receiver function
inversion (Dahl-Jensen et al., 2003; Darbyshire, 2003; Kumar et al.,
2007; Thompson et al., 2010; Postlethwaite et al., 2014; Dahl-Jensen
et al., 2016; Vervaet & Darbyshire, 2022; Gilligan et al., 2016). This is
made worse by the extensive ice cover across Greenland, meaning that
much of the complex onshore geology remains unmapped (Jess et al.,
2020). Information on the crustal structure is essential to constrain the
geodynamic evolution of rifting, lithosphere thinning and magmatism,
in addition to linking key structures and magmatic volumes from the
offshore to the onshore. In particular, high-velocity lower crust (HVLC)
in combination with crustal thickness are important constraints for
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Fig. 1. Simplified, tectonic overview of the major terranes, continental blocks and cratons of the Northwest Atlantic region after St-Onge et al. (2009); Bastow et al.
(2015); Schiffer et al. (2020); Corrigan et al. (2021), colour-coded by age. Red triangles mark the seismic stations used in this study. The exact dimensions and
boundaries of the Rinkian fold belt (Grocott and McCaffrey, 2017) are not constrained due to ice cover. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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deciphering past geodynamic processes. Moreover, the interpretation of
HVLC bodies based on geophysical data is extremely challenging and
non-unique, which requires a careful integration with the regional
geology.

In this contribution, we present new crustal models from receiver
function (RF) inversion using the available passive seismological data in
the Northwest Atlantic, including data from many previously unused
stations. In particular, our study focuses on the crustal thickness, the
nature of the crust-mantle transition, and the presence and thickness of
HVLC in the region. These new results are compared to existing regional
crustal thickness models (Laske et al., 2013; Welford and Hall, 2013;
Welford et al., 2018; Lebedeva-Ivanova et al., 2019) and allow us to
update regional models and identify different continental blocks and
terranes. Evidence for HVLC will add important onshore information,
whilst interpretations of its origin will provide new insight into areas
affected by magmatism and structural inheritance to improve our un-
derstanding of the Northwest Atlantic rift system and the DSIP. This
information will provide new key constraints for geodynamic models of
the region (Ady and Whittaker, 2018; Peace, 2021) and, more generally,
for models of analogous geological settings elsewhere. Moreover, we
will test the hypothesis that plate tectonics, in contrast to dominantly
plume processes, have contributed to the formation of the Davis Strait
and that part of the HVLC beneath Davis Strait may be related to
deformation of a pre-existing metamorphosed crustal keel or meta-
somatised mantle.

2. Geological setting
2.1. Precambrian

The landmasses surrounding the Northwest Atlantic represent an
assemblage of Archean cratons and Proterozoic orogens (St-Onge et al.,
2009) which are known to have exerted substantial influence on the
subsequent Mesozoic-Cenozoic evolution through the process of struc-
tural inheritance (Peace et al., 2018b; Heron et al., 2019; Schiffer et al.,
2020). The correlation of Precambrian basement units and tectonic
structures across Baffin Bay, Davis Strait and the Labrador Sea has been
the focus of previous work (e.g. Kerr et al., 1996; Kerr et al., 1997;
Wardle et al., 2002; St-Onge et al., 2009). Nonetheless, substantial un-
knowns exist, partially due the Greenland Ice Sheet preventing exposure
(Jess et al., 2020), but also the Mesozoic-Cenozoic rifting and breakup
(Abdelmalak et al., 2019).

The Archean cratons within the Northwest Atlantic are (Fig. 1): the
Rae Craton, the Superior Craton and the North Atlantic-Nain Cratons
(St-Onge et al., 2009). These cratons are connected by the spatiotem-
porally and structurally complex Proterozoic Trans-Hudson Orogen
(Whitmeyer and Karlstrom, 2007), which comprises reworked Archean
crust and juvenile volcanic belts (Whitmeyer and Karlstrom, 2007). The
North Atlantic Craton in Greenland is bordered to the north and west by
Palaeoproterozoic orogenic belts that are tectonically related to the
Trans-Hudson Orogen including the Nagssugtogidian Orogen (Van Gool
etal., 2002; Engstrom and Klint, 2014; Kolb, 2014), the Rinkian fold belt
on the north side (Grocott and McCaffrey, 2017) and the Torngat Orogen
on the west side of the craton (Fig. 1) (Scott, 1998). The Nagssugtoqidian
Orogen is thought to correlate across Central Greenland, though ice
coverage has made this hard to confirm (St-Onge et al., 2009). The
Rinkian fold-belt is located on the Baffin Bay margin of West Greenland,
but the exact structural relationships and its extent are not completely
understood as it is predominantly ice-covered (Fig. 1) (Grocott and
McCaffrey, 2017). The Torngat Orogen represents the collision between
Nain (part of the North Atlantic craton) and the Core Zone, an assembly
of various reworked Archean terranes (Wardle et al., 2002; St-Onge
et al., 2009; Corrigan et al., 2021).

Further south, the Palaeoproterozoic Makkovik-Ketilidian Mobile
Belt forms the southernmost province north of the Grenville front in
Labrador and the southernmost tip of Greenland (Kerr et al., 1996;
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Garde et al., 2002; McCaffrey et al., 2004; LaFlamme et al., 2013; Dickin,
2021; Hinchey, 2021), while in the northern extreme of the region the
Paleoproterozoic Inglefield Mobile Belt is located across North
Greenland and Ellesmere Island (St-Onge et al., 2009).

2.2. Formation of the Northwest Atlantic and the davis strait igneous
province

The Labrador Sea and Baffin Bay (Fig. 2) formed as a response to the
divergence of Greenland and North America. According to Oakey and
Chalmers (2012), after early phases of continental rifting (possibly since
the Triassic (Larsen et al., 2009), separation occurred in three stages: 1)
Separation between North America and Greenland in the Palaeocene,
while the latter was still attached to Eurasia; 2) separation between
Greenland and North America as well as between Eurasia and Greenland
in the Eocene, during which Greenland moved as an independent plate;
3) continued separation between Eurasia and Greenland, which again
was attached to North America, since the Oligocene. These main phases
of extension resulted in seafloor spreading in the Labrador Sea
(Chalmers and Laursen, 1995), and most likely also in Baffin Bay
(Suckro et al., 2012). Structural inheritance is inferred to have
controlled the compartmentalisation of the Northwest Atlantic high-
lighting the interaction of pre-existing structures and fabric with oblique
rifting (Peace et al., 2018a; Peace et al., 2018b; Heron et al., 2019;
Schiffer et al., 2020).

The Davis Strait, where many of the HVLC (high velocity lower
crustal) bodies are concentrated, is a bathymetric high linking the
Labrador Sea to Baffin Bay that is underlain by crust up to 20 km thick
(Funck et al., 2007). The Davis Strait is thought to consist of continental
lithosphere (Dalhoff et al., 2006) and hybrid/transitional crust, heavily
intruded, as well as patches of exhumed mantle, likely accommodated
by the “leaky” Ungava Transform Fault System (Funck et al., 2007;
Suckro et al., 2013). Furthermore, the Davis Strait appears to be the
centre of Mesozoic-Cenozoic magmatism in the Northwest Atlantic
(Funck et al., 2007; Funck et al., 2012; Hosseinpour et al., 2013; Suckro
et al., 2013; Abdelmalak et al., 2019). The Davis Strait underwent
dextral transtension, but not breakup during the first stage of Labrador
Sea-Baffin Bay formation (Wilson et al., 2006; Suckro et al., 2013),
followed by further transpression during the second stage (Geoffroy
et al., 2001; Suckro et al., 2013).

The earliest magmatism that may be related to extensional processes
in the Labrador Sea is Late Triassic in age (ca. 220 Ma; Larsen et al.,
2009). However, more significant extensional stresses probably
occurred later in the Early Cretaceous, exemplified by coast-parallel
dykes in West Greenland (ca. 150 Ma; Larsen et al., 2009), debated
equivalents in Labrador (Tappe et al., 2007; Peace et al., 2016), and
Mesozoic diatremes (King and McMillan, 1975; Wilton et al., 2002;
Wilton et al., 2016).

The majority of the volcanism in the Northwest Atlantic occurred
between ~62 and ~ 58 Ma, coincident with an increased spreading rate
in the Labrador Sea, and subsequently decreased volcanism after a major
change in the spreading direction during the Eocene (~56 Ma), that
resulted in a northward drift of Greenland (Oakey and Chalmers, 2012;
Abdelmalak et al., 2019) and the Eurekan Orogeny (Heron et al., 2015;
Piepjohn et al., 2016; Stephenson et al., 2017). Breakup occurred in the
Palaeocene (Chalmers et al., 1995), approximately coeval with the
eruption of flood basalt around the Davis Strait (Larsen et al., 2016).

The cause of extension, magmatism, structural complexity and final
breakup is debated (e.g. Peace et al., 2017). One proposed model in-
cludes a mantle plume (Storey et al., 1998; Courtillot et al., 1999;
Nielsen et al., 2002; Funck et al., 2007; Gerlings et al., 2009), while
others stress the importance of structural inheritance and plate tectonic
processes (Peace et al., 2017; Heron et al., 2019; Clarke and Beutel,
20205 Schiffer et al., 2020). Although geochemical modelling suggests
some lavas in the Northwest Atlantic region do require moderately
elevated temperatures (up to 1500 °C) with regard to ambient mantle
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Fig. 2. Tectonic map of the Davis Strait Igneous Province (modified after Abdelmalak et al., 2019) and locations of stations used in this study (red triangles).

temperatures (~1350 °C), deciphering the exact causes of producing
these large volumes of lavas is debated (Hole, 2015; Hole and Natland,
2020). The detailed mapping of HVLC and crustal thickness will improve
our understanding of the causes and rates of rifting and magmatism in
the region.

2.3. Lithospheric structure of the Northwest Atlantic region

Lithospheric structure is vital for unravelling the region’s tectonic
and magmatic evolution and to reveal the causative mechanisms of

rifting, structural segmentation and magmatism. The Northwest Atlantic
region has been the subject of various crustal-scale geophysical studies.
However, these are primarily located offshore, while detailed informa-
tion onshore is limited, which led to an unbalanced reporting of detailed
crustal structure, for instance the presence of HVLC (see for example
Welford and Hall, 2013; Welford et al., 2018 for data overviews).
Information on the lithospheric structure is available from several
regional datasets, as well as deep crustal seismic profiles in the North-
west Atlantic region, which we have assembled into maps that illustrate
the state of knowledge prior to our study (Fig. 3). The lithosphere-
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Fig. 3. Lithospheric structure of the Northwest Atlantic region compiled from published regional models and available seismic data. (a) Moho depth (Welford and
Hall, 2013; Welford et al., 2018; Lebedeva-Ivanova et al., 2019) (background) and LAB depth (Schiffer and Nielsen, 2016; Schiffer et al., 2018) (red stippled
contours). (b) Crustal thickness (background) and sedimentary thickness (red contours and shading) (Welford and Hall, 2013; Welford et al., 2018; Lebedeva-Ivanova
et al., 2019). Information from active source seismic models (circles) is compiled from (Keen and Barrett, 1972; Jackson et al., 1979; Chian and Louden, 1992; Chian
and Louden, 1994; Jackson and Reid, 1994; Chian et al., 1995b; Reid, 1996; Chalmers, 1997; Reid and Jackson, 1997; Funck and Louden, 1998; Louden and Fan,

1998; Funck and Louden, 1999; Funck et al., 2000a; Funck et al., 2000a; Funck et al.,

2001; Hall et al., 2002; Funck et al., 2006; Funck et al., 2007; Funck et al., 2008;

Gerlings et al., 2009; Harrison et al., 2011; Funck et al., 2012; Keen et al., 2012; Suckro et al., 2012; Suckro et al., 2013; Altenbernd et al., 2014; Altenbernd et al.,
2015; Altenbernd et al., 2016; Keen et al., 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

asthenosphere boundary (Fig. 3a) was presented by Schiffer et al.
(2018), which used a seismic tomography model of the Arctic region
(Lebedev et al., 2018) showing thick lithosphere of up to 240 km
beneath Canada, and up to ~200 km beneath Greenland. The Labrador
Sea lithosphere is as thin as 75-120 km, consistent with oceanic litho-
sphere, while Baffin Bay has a lithospheric thickness of approximately
110-120 km and Davis Strait has the thickest lithosphere (~120 km) in
marine areas, although the difference between the latter two is perhaps
near resolution limit. Moreover, direct information on the crustal
structure is available from a number of crustal-scale seismic refraction
and reflection lines mostly in marine areas and some onshore-offshore
profiles (see Fig. 3 for list), as well as information from passive source
seismology from RFs (Dahl-Jensen et al., 2003; Darbyshire, 2003; Kumar
et al, 2007; Thompson et al., 2010; Postlethwaite et al., 2014;
Thompson et al., 2015; Vervaet & Darbyshire, 2022; Gilligan et al.,
2016) and surface wave tomography (Darbyshire, 2005; Darbyshire
et al., 2017; Mordret, 2018; Pourpoint et al., 2018). Information on the
crustal structure is taken from Welford and Hall (2013) and Welford
et al. (2018) for the offshore areas in Baffin Bay and the Labrador Sea,
respectively. Their models are based on gravity inversion with prior
information from available seismic data (see Fig. 3 for full list). The
circum-Arctic crustal model ArcCrust by Lebedeva-Ivanova et al. (2019)
gives state-of-the-art information on the crust at latitudes greater than
67°N. For all other areas, we describe the crustal structure based on
CRUST1.0 (Laske et al., 2013).

The Moho depth map based on the sources mentioned above (Fig. 3a)
shows generally similar trends as the LAB depth model, with thick crust

and lithosphere in the cratonic areas and orogenic/mobile belts and thin
crust and lithosphere, as expected, in the marine areas. The Labrador Sea
has the thinnest crust of ~8-15 km, consistent with a developed ocean
basin. Baffin Bay has thicker crust of typically 12-17 km, with local
shallow Moho anomalies, while the Davis Strait has the deepest Moho in
the range of 17-25 km. Subtracting the sedimentary layers, the crys-
talline crust (Fig. 3b) in the area shows obvious similarities with the
Moho depth and differs mostly in the marine areas, due to water depth
and typically thicker sedimentary successions than on land. The distri-
bution of sediments between the passive margins is highly asymmetric,
with the deepest basins along the eastern Baffin Bay margin in the north
and the western Labrador Sea margin in the south (Peace et al. (2016).
The crystalline crustal thickness in the Davis Strait appears to be more
complex than the Moho depth, with a N-S oriented convex shaped sliver
of thick crust (18-22 km), separated from Baffin Island and West
Greenland by two “corridors” of thinner crust. The crustal thickness,
structure and velocities observed in the Davis Strait strongly indicate the
presence of continental crust and a complex rift development across
Davis Strait.

2.4. High velocity lower crust (HVLC)

High velocity lower crust (here defined as crustal layers with Vp =
~7.1-7.6 km/s or Vs = ~4.0-4.3 km/s) has been documented across the
Northwest Atlantic (summary by Hosseinpour et al., 2013). Knowledge
about the type of HVLC is an important constraint for regional geo-
dynamic interpretations, because HVLC can be used as a marker of past
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geodynamic processes such as igneous activity, mantle serpentinisation,
orogenic events, and mode of crustal formation.

However, unequivocal interpretation of the origin of HVLC is chal-
lenging, with much of the ambiguity focused around its composition,
formation mechanism and when it was formed (e.g. pre-, syn- or post-
rift) (Gernigon et al., 2004; Schiffer et al., 2016a; Abdelmalak et al.,
2017; Schulte-Pelkum et al., 2017). While HVLC may exhibit uniform
geophysical properties (Vs, Vp, density), its origin and composition can
be varied (e.g. Gernigon et al., 2004; Schiffer et al., 2016a; Schulte-
Pelkum et al., 2017), including syn-rift intruded lower crust (e.g. Thybo
and Artemieva, 2013) and exhumed serpentinised mantle (e.g. Péron-
Pinvidic and Manatschal, 2009), as well as pre-existing igneous, meta-
morphic and metasomatised lithologies from previous rifting or
orogenic events (e.g. Petersen and Schiffer, 2016). Although hydrated,
intruded or otherwise modified peridotite obviously does not actually
represent a “lower crustal” lithology, we will include these anomalous
bodies at the crust-mantle transition zone in the broad expression “high
velocity lower crustal bodies”.

Several occurrences of HVLC have been observed in Palae-
oproterozoic and/or Archean crust (Schmidt, 2000; Kukkonen et al.,
2008; England and Ebbing, 2012; Schulte-Pelkum et al., 2017). In
Scandinavia several models have been suggested for this “cratonic
HVLC”, including the presence of eclogite and lower crustal intrusions/
melt residues, but regardless of the mechanism, HVLC must have been
emplaced in the Precambrian (Schmidt, 2000; Kukkonen et al., 2008;
England and Ebbing, 2012). Schulte-Pelkum et al. (2017) investigated
the distribution of HVLC across the continental US based on refraction,
RF, tomography and xenolith data. Their results suggest that in some
cases HVLC may be specifically related to cratonic crustal domains, as
the thickest occurrences were observed in Proterozoic crust from the
central and eastern US, while HVLC was not present in other cratonic
areas. Also, according to the authors, the formation and destruction of
HVLC could have happened at any time since its emplacement and
through several distinct events. Areas of younger tectonic age exhibit
only thin HVLC, which has led to the suggestion that HVLC formation
may relate to periods when conditions are favourable for garnet growth.
Although cratonic-type HVLC has been observed under many conti-
nents, important questions remain regarding its formation mechanism
and how widespread it is globally.

The available regional crustal models from the Northwest Atlantic
(Welford and Hall, 2013; Welford et al., 2018; Lebedeva-Ivanova et al.,
2019) do not describe an additional layer for HVLC, but HVLC has been
mapped in the Northwest Atlantic by deep seismic studies (see Fig. 3 for
references). Hence, we extract information on the presence and thick-
ness of HVLC directly from the original publications, typically from
refraction seismic lines (i.e., by identifying lower-crustal layers with Vp
= 7.1-7.6 km/s, Fig. 3b). We find that HVLC is abundant along the
Labrador Sea margins (Chian et al., 1995b; Chalmers, 1997; Chian et al.,
1998; Keen et al., 2018), reaching thicknesses of 6 km, but usually in the
range of 2-4 km. Here, these lower crustal bodies are typically inter-
preted as syn-rift exhumed and serpentinised mantle. However, on the
northernmost West Greenland Labrador Sea margin, close to the Davis
Strait, newer seismic data suggests that these structures belong to a
larger system of HVLC that is likely of igneous nature (Funck et al., 2007;
Gerlings et al., 2009). Also, several of these HVLC bodies are within the
spatial confines of the Davis Strait Igneous Province (DSIP) (Fig. 2 and 3)
or in very close vicinity, which makes an igneous nature likely, as
interpreted by Hosseinpour et al. (2013). Therefore, the HVLC along the
Labrador Sea margins requires a thorough and targeted investigation
with full reconsideration of a possible magmatic origin. The Davis Strait
shows evidence for HVLC of up to 8 km thickness over a length of 300
km along the bathymetric high (Funck et al., 2007; Gerlings et al.,
2009). The northern extent cannot be established based on the available
seismic data, but to the south the HVLC appears to terminate when
entering the oceanic domain (Gerlings et al., 2009). It is likely that this
igneous HVLC extends further north to the northern limit of the Davis
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Strait, where Suckro et al. (2013) found HVLC of up to 5-6 km thick and
175 km wide. HVLC up to 8 km thick has been found offshore Disko
Island, while the eastern (landward) limit of this HVLC body was out of
range (Funck et al., 2012). In northern Baffin Bay, there is minimal
evidence for HVLC. Specifically, Harrison et al. (2011) document HVLC
at one location in Lancaster Sound, and Altenbernd et al. (2014) inferred
a small HVLC body from a refraction seismic line south of the Thule
airbase in Northwest Greenland. However, all other seismic lines in this
area do not show evidence for HVLC (see comparison between Fig. 3a
and b). Information on the presence of HVLC is limited to the deep
seismic lines, while one can only infer the spatial extent between these,
and no or only little information is available in the onshore areas.

Funck et al. (2000b) report a thick HVLC keel in the northern Torngat
Orogen, northern Labrador. This same structure was previously imaged
by Funck and Louden (1999), who interpreted the high velocity crustal
keel to have formed during the collision of the North Atlantic Craton
with the Core Zone as part of the Trans-Hudson Orogeny. These seismic
studies also suggest that the Palaeoproterozoic crust to the west of the
Torngat Orogen has a HVLC layer. Louden and Fan (1998) and Funck
et al. (2001) reported thick HVLC of up to 20 km in the northeastern
Grenville Province (the southernmost limit of our study area) and
related these to a magmatic body originating from late Precambrian
ITapetan rifting, underthrusted beneath Precambrian crust and possible
additional metamorphosed lower crust.

The HVLC imaged in the offshore domain of the Northwest Atlantic
by previous studies has mostly been interpreted as mafic lower crustal
intrusions, predominantly in the Davis Strait area, or syn-rift exhumed
and serpentinised mantle along the Labrador Sea margins. Hosseinpour
et al. (2013) published an interpretation of the extent of HVLC related to
Palaeogene magmatism and included some of the Labrador Sea seismic
profiles that were previously considered representing exhumed mantle
(Chian and Louden, 1994; Chian et al., 1995b; Chalmers, 1997).

Interpretation of geophysical data is generally non-unique, and this
is especially the case for HVLC bodies, which frequently show similar
seismic properties and densities irrespective of origin. Nonetheless,
determining the origin of HVLC is of utmost concern in understanding
the geologic evolution of such regions. Usually, only through interpre-
tation of complementary high-resolution geophysical datasets (e.g.
reflection, Vp and Vs refraction, gravity, magnetics) and good controls
on structure, evolution, HVLC morphology and a combination of
geophysical properties, can HVLC be interpreted with more certainty. In
the case of the Northwest Atlantic, the seismic data are of various age,
quality and type, usually with little complementary information, which
often results in uncertainty and ambiguity in interpretation of the HVLC.
The point-wise one-dimensional crustal models from RF inversion have
the additional problem that these cannot be brought into a two- or three-
dimensional structural context.

The existing models, as well as the sparse and uneven distribution of
data, illustrate the need for additional constraints to make stronger in-
ferences about the structural and magmatic evolution of the region. Our
interpretations are limited to regional correlation with Moho depth es-
timates, known structures and lineaments, as well as the distribution of
volcanics in the region. The DSIP is the central element in the Northwest
Atlantic that we base most of our inferences of igneous-type HVLC on.
Additionally, there is evidence for Cretaceous magmatism along the
Labrador Sea margins (Tappe et al., 2007; Larsen et al., 2009; Peace
et al., 2016). The region is also crossed by numerous terrane boundaries
and sutures (St-Onge et al., 2009), many of which have been reactivated
during breakup of the Northwest Atlantic (Schiffer et al., 2020, Peace
et al., 2018a, 2018b). The Davis Strait is underlain by continental crust
and lithosphere (Fig. 3) and has likely formed in response to rift inter-
action with pre-existing lithospheric scale structures (Peace et al.,
2018a; Heron et al., 2019). We know from numerical models that pre-
existing structure and thermal regime can lead to lower crustal flow,
deformation of pre-existing metamorphic complexes and magmatic
budget (Petersen and Schiffer, 2016; Petersen et al., 2018). For example,
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recent models propose the Greenland-Iceland-Faroes Ridge to be formed
by reactivation of pre-existing structures and flow of thickened and soft
continental lower crust to form a continual ridge crossing the Northeast
Atlantic Ocean, possibly due to interaction of propagating rifts and
different pre-existing orogenic fabric (Schiffer et al., 2015b; Petersen
et al., 2018; Foulger et al., 2020; Schiffer et al., 2020).

3. Receiver function modelling

RF analysis is a well-established seismological technique to investi-
gate crustal and upper mantle discontinuities, as well as seismic prop-
erties of the subsurface (e.g. Ammon et al., 1990; Cassidy and Ellis,
1993; Kind et al., 1995; Owens et al., 1987; Sandvol et al., 1998). The RF
method provides estimates of the Earth’s impulse response by decon-
volving the incident P-wavefield of teleseismic earthquakes (30-90 de-
grees epicentral distance) from the P-to-S (Ps) converted wavefield
(Vinnik, 1977; Langston, 1979). Deconvolution equalises source and
path effects, as well as the instrument response, to represent the Ps
conversions as isolated pulses in time (Clayton and Wiggins, 1976;
Langston, 1979; Ammon, 1991). An RF consists of the superimposition
of the primary conversion of every interface (Ps) and multiple “echoes”
of these interfaces (e.g., reflections/conversions of downward propa-
gating waves reflected at the free surface, PpPs, PsPs and PpSs). In cases
of multi-layer models, multiples from shallower layers overprint and
potentially disturb the primary conversions at deeper discontinuities
and need to be considered in modelling. Inverse modelling of stacked RF
waveforms provides one-dimensional crustal seismic velocity models
beneath the recording stations (Owens et al., 1987; Ammon et al., 1990;
Cassidy and Ellis, 1993; Sandvol et al., 1998; Darbyshire, 2003;
Ottemoller and Midzi, 2003). RFs can also be jointly inverted with
complementary seismological information such as surface waves and
incident wave polarisations (e.g. Julia et al., 2000; Kiselev et al., 2008;
Schiffer et al., 2019).

Here, we obtain 1D velocity models of the crust and uppermost
mantle, by simultaneously inverting two datasets produced from the raw
three-component seismograms: P-receiver functions and P-wave polar-
isations. We generate P-receiver functions using water level deconvo-
lution (Clayton and Wiggins, 1976; Langston, 1979; Ammon, 1991)
applying a gaussian factor of 2.5 for low-pass filtering. The dominant
frequency of the RF signal is ~1 Hz, resulting in a theoretical vertical
resolution for converted waves of ~4 km at Moho depth (assuming a
resolution of 1/2 wavelength and velocities of 7-8 km/s, e.g. Bostock,
1999; Rychert et al., 2007). The water level in the deconvolution is
chosen to suppress noise (high water-level for noisier data), but it also
has the unwanted effect of suppressing some of the actual signal, espe-
cially at higher frequencies. Special care must thus be taken to select an
optimal water level. This can either be done subjectively via trial and
error (here with values of 0.1 or 0.01, depending on the noise level), or
objectively by basing the water level on the pre-event noise of the ver-
tical component as is done in the GLImER database workflow of Ron-
denay et al. (2017). All RFs at each station were averaged and no
moveout correction was applied, as this would distort either of the
primary or multiple phases and we regard the simple stack of RF
waveforms as the best compromise.

The second dataset, the polarisation of incident teleseismic P-waves,
provides information on the absolute S-wave velocity distribution in the
shallow subsurface (Svenningsen and Jacobsen, 2007). This information
is retrieved from the ratio of the radial (R) to the vertical (Z) RFs, i.e., R-
RF/Z-RF, at zero delay time of the RFs (Svenningsen and Jacobsen,
2007). The obtained velocities are in fact apparent velocities (Vsgyp) of
the vertical velocity structure, covered by the dominant wavelength of
the incident wave. Using increasing periods/wavelengths of the incident
waveform, these apparent velocities capture greater depths beneath the
recording stations, which then can be inverted to obtain an absolute
velocity model with depth. This principle has recently been applied to
both onshore and offshore studies (Schiffer et al., 2015a; Hannemann
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et al., 2016; Schiffer et al., 2016b; Chong et al., 2018). We produce
curves of Vsg, at increasing periods (T), following the procedure by
Svenningsen and Jacobsen (2007). Each individual RF is used to
calculate distinct Vsgp,(T) curves, while the median curve is considered
to give the most robust representation. The periods are defined as a set of
26 discrete values on a logarithmic scale from 1 to 25 s, which corre-
sponds to approximately 1-200 km depth range (assuming a minimum
Vs of 1 km/s and a maximum of 8 km/s). The data error is given as the
standard deviation of the 68% Vsg,,(T)-curves closest to the median.

The employed inverse algorithm is based on the one presented in
Schiffer et al. (2019) and previous versions (Schiffer et al., 2015a,
2016b), but with major modifications. In the present study, we combine
a linearised iterative least squares inversion as in previous publications
of the authors applying (based on Tarantola and Valette, 1982; Menke,
1989; Ammon et al., 1990) with a new random model search scheme.
For every station, 1000 full linearised iterative LSQ inversion runs were
calculated with a minimum of 15 iterations and vastly different starting
models, randomly covering the parameter space. Each starting model
has a randomly chosen velocity distribution (between Vs =1 and Vs =5
km/s) and a randomly varying number of layers (between 5 and 20) and
layer thicknesses, with the only imposed restrictions being that each
starting model is monotonically increasing in velocity with depth and
that the lowermost layer must have a Vs larger than 4.2 km/s.

The synthetic waveforms are calculated from the 1-D velocity models
with the method of Kennett (1983), deconvolved using water-level
deconvolution (Clayton and Wiggins, 1976; Langston, 1979; Ammon,
1991) and finally convolved with the observed teleseismic wavelet
(deconvolved longitudinal (L-) component — the component rotated and
pointing in the direction of the apparent incidence angle using the Vsgp,
at the lowest period of 1 s) to simulate the full RF response for every
forward model with all its complexity. Synthetic Vs,p,, is calculated from
the synthetic Z- and R-components.

Each individual inversion yields a model and data error (Qd and Qm)
defined as the root mean square errors relative to the starting model and
observed data, weighted with the respective prior uncertainties (based
on observed data covariances). There is also an additional roughness
error (Qr), defined by the second derivative of the velocity model. The
sum of these error terms results in a total error Q (see Schiffer et al.
(2016Db) for details).

For each of the 1000 individual inversion runs, the 10 last iterations
before termination of the inversion are saved, resulting in a total of
10,000 models forming a posterior model population. Depending on
starting model and data quality, the speed of convergence and the
number of iterations needed to reach convergence differs. If the data are
“less non-unique”, show little noise, and the underlying geology is
simple, the inversion should effectively converge, which means that the
last 10 saved iterations should be very similar. Vice versa, if the data are
non-unique, noisy, and reflect a very complex subsurface the inversion
may not effectively converge, in which case the last 10 iterations may
represent a much larger spread of velocity models. Taking an average
model of these 10 hypothetical solutions will result in a small and large
posterior model error (or model uncertainty), respectively.

The RFs are modelled from —1 to 20 s delay time with respect to the
direct P-arrival at 0 s and Vsqyp at periods from 1 to 25 s. A priori data
errors based on the independent data covariance matrices are used to
automatically weigh the individual datasets. That is, if one dataset
shows a larger spread, the observed error is large and the weight of the
respective dataset is reduced in the inversion. Velocities and depths/
delay times are virtually unconstrained in the inversion, meaning that
both model parameters can freely change without causing any model
error, with one exception: the lowermost mantle half-space velocity is
tied to a velocity of Vs = 4.6 km/s by an a priori model error of 0.2 km/s,
forcing the lowermost velocity to settle around “ambient mantle”
velocities.

The non-uniqueness of the inverse problem is reduced by parame-
terising layers in terms of delay-time instead of thickness (Jacobsen and
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Svenningsen, 2008). RF inversion is primarily sensitive to Vs, but re-
quires Vp model parameters, which mainly affect the delay time of Ps
phases. In our approach, the inversion is not technically estimating Vp as
an independent model parameter, but Vp is coupled to Vs by a pre-
defined Vs-dependent Vp/Vs ratio lookup table, roughly based on
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common lithologies (Christensen, 1996) in the following way: We
employ increasing Vp/Vs ratios with decreasing Vs below 3.0 km/s with
a maximum of 1.85 at 1 km/s. For Vs = 3.0-3.5 km/s we use a Vp/Vs
ratio of 1.73. Above Vs = 3.5 km/s, the Vp/Vs ratios increase to a peak of
1.8 at 4.1 km/s, after which they decrease again to 1.75 at 4.6 km/s. For
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Fig. 4. Example linearised LSQ inversion of
station ASIG with 5 (a), 12 (b) and 18 (¢)
layers. Each panel consists of 6 plots showing
the progression of data, models and errors
through iterations. Generally, for all sub-
plots except the bottom left (errors), black
lines indicate the starting model or observed
data, red lines indicate the final model and
the corresponding synthetic data or data
misfit, stippled black lines show the syn-
thetic data/data misfit of the starting model,
rainbow colour scheme illustrates the pro-
gression with iteration (blue-green-yellow-
orange-red from early to late iterations). Top
left: Development of the velocity model; top
centre: development of the RF data (rainbow
colours — blue early models, red late models)
in comparison to the observed data (black);
top right: development of the Vs,,, data;
bottom left: development of the total and
individual errors (data, model, roughness);
bottom centre: development of the RF data
misfit; bottom right: development of the
Vsapp data misfit. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)
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Vs > 4.6, the Vp/Vs ratios increase and plateau at a Vp/Vs of 1.78.

Such an approximation can obviously not account for overlaps be-
tween seismic parameters of different lithologies and also doesn’t cap-
ture all lithologies, for example basalts, quartz-rich, dry sedimentary
rocks or evaporites. However, using such an approximate Vp-Vs
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Fig. 4. (continued).

relationship stabilises the inversion immensely. Densities are calculated
from Vp at different depth (Christensen and Mooney, 1995).

Examples of the progression of an iterative inversion for one starting
model is shown in Fig. 4. The error is usually reduced at each iteration of
the inversion, which ends when the models and errors converge, i.e.
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changes of less than 1% are observed for more than 2 iterations.
4. Seismological data

We collected passive, broadband, three-component seismological
data from various public sources. Raw data from 24 stations were
collected through the data services of EIDA (http://www.orfeus-eu.
org/data/eida/), IRIS (http://service.iris.edu/) and the Canadian Na-
tional Data Centre (CNDC). The stations belong to POLARIS network, the
Canadian National Seismic Network, the Danish Seismological Network,
and other temporary networks used in previous studies (e.g. Dahl-Jen-
sen et al., 2003; Darbyshire, 2003; Kumar et al., 2007; Gilligan et al.,
2016; Darbyshire et al., 2017). For the closely spaced, temporally
separated stations ILULI and ILUG, we combined the data and refer to
the resulting dataset as ILUG/ILULI in the following. Computed receiver
functions from 10 temporary stations in West Greenland were retrieved
from the global receiver function database GLImER (Rondenay et al.,
2017). Depending on recording time and data quality, the various sta-
tions yielded between 9 and 448 processable events that had magnitudes
between 5.1 and 9.1 and were located in the teleseismic distance ranges
(30-90° epicentral distance). This resulted in a total dataset of 3490
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events for all stations (~103 events on average per station) that was
used for further RF/P-wave polarisation processing and inversion.

5. Crustal model interpretation

The applied inverse approach produces a distribution of 10,000
models for each station. A model histogram is created from these 10,000
models, where every model is weighted with the inverse data error,
giving a higher count to models with a better data fit (Fig. 5). The final
model is defined as the mean of the weighted population at every depth.

Although the model describes the vertical velocity structure of the
entire crust and the uppermost mantle (according to the assumptions,
approximations, limitations and inverse procedure described), our study
focusses on two specific measures of crustal structure: 1) the crust-
mantle transition, and 2) the thickness of HVLC.

Several challenges in interpreting the nature and structure of the
crust-mantle transition using the 1D models were encountered. Our
interpretation is based on the assumption that the lithospheric stratifi-
cation beneath the stations is one-dimensional, which likely presents an
oversimplification of the structure. However, in the presence of only
minor three-dimensional variations in a radius of ~10-15 km around a
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Fig. 5. Inversion results for station ASIG (a) and TULEG (b), showing the 10,000 posterior models weighted with their RMS error. Left: S-wave velocity models;
centre: Vs,p, curves; right; RF waveforms. The final model is defined as the mean of the model population. The model uncertainty is defined as the 95% confidence
interval of the model population. Horizontal black lines indicate major layer interpretations, such as basement (b), uppermost crust (uc), mid-crustal discontinuity
(mc), top of the high velocity lower crust (hvlc), and top and bottom of the Moho transition (m1 and m?2), if observed. The vertical red line indicates the typical
division between crustal and mantle velocities, although this boundary is not rigid and is only used as a guideline. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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station this is a reasonable assumption at the scale of the interpretation
(e.g. Rondenay, 2009). In the case of highly variable crustal architecture
beneath a station, the RF stack will represent an average of the different
individual waveforms and, hence, the obtained model will similarly be a
representation of this averaged waveform. Experience shows that in the
presence of lateral structural gradients, for example in Moho depth,
sharp discontinuities will start to appear smoother in the waveforms due
to stacking of the converted phase at different delay times, as well as in
the obtained velocity model. In other words, a sharp, but substantially
dipping discontinuity may appear as a velocity gradient.

This potential issue also affects the interpretation of the HVLC layer.
An apparent Moho gradient and/or HVLC-like velocities may be real, but
could also be the effect of this smearing in the presence of strong lateral
three-dimensional variation.

In addition, the vertical velocity structure of the crust-mantle tran-
sition may in fact be complex including an actual velocity gradient,
which could represent several structural complexities (gradually
intruded lower crust, low uppermost mantle velocities, mechanical
mixing in the crust-mantle transition zone, etc.). Here, we face the
problem of defining and effectively distinguishing between an actual
Moho gradient and the HVLC, not least because they may both be
characterised by similar overlapping velocity ranges, but also because
they may be caused by the same lower crustal/upper mantle lithologies
and their alterations. Unless we can clearly distinguish a Moho gradient
and the HVLC as two separate structures with visible discontinuities, we
regard both features as the same unit.

Considering these challenges in making an unequivocal interpreta-
tion of the results, we define the geological interfaces as follows:

- The upper boundary of the crust-mantle transition is defined as the
depth where the velocity model exceeds a Vs of 4.25 km/s. The lower
boundary of the crust-mantle transition is defined at the depth where
the velocity model displays a major reduction in velocity gradient
occurring at Vs > 4.4 km/s. The final “Moho discontinuity” used for
regional interpretations is defined halfway between these two in-
terfaces, although obviously it is not an actual discontinuity in case
of a gradient.

The upper boundary of the HVLC is defined at the depth where the
velocity model exceeds Vs = 4.1 km/s, which represents the Vs
corresponding to frequently observed Vp in HVLC. However, being
aware of the model uncertainties, a visual interpretation of the model
was made allowing us to define the top HVLC as the location where
we observe clear velocity changes, which can sometimes occur at
velocities as low as Vs = 4.0 km/s. The top HVLC must always be
associated with a visible velocity gradient. The HVLC thickness is
defined from the upper HVLC interface to the Moho. As a result of
this HVLC definition, every station will return a non-null HVLC
thickness. Considering the uncertainties and limitations in resolution
of the model, we only consider HVLC thicknesses of > 1 km as a
robust result, which partly accounts for the vertical resolution of a P-
wave at this depth for the used frequency content used (3.2 km
corresponds to a half wavelength at 6.5 km/s and 1 Hz). In the final
model displayed in the Result section, we therefore subtract 1 km of
HVLC thickness and display the remaining thickness (and minimum
0 km) that we consider as robust.

Our estimated Moho uncertainty (which also translates into the
HVLC uncertainty) then consists of two factors: The first is the
modelling uncertainty, which is derived from the standard de-
viations of the model population, defined by the average of depth
differences between the Moho depth (top and bottom crust-mantle
transition zone) and the respective model standard deviation. The
second is the uncertainty based on the fact that the Moho may be an
actual gradient, which makes the definition/approximation as a
discontinuity geologically uncertain.
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Other, shallower interfaces that are not focus of this study were
identified according to the following criteria (see Fig. 5): (1) a shallow
sedimentary layer is defined as a velocity discontinuity that crosses Vs
~ 2.5 km/s; (2) a deeper sedimentary layer or uppermost crustal layer
boundary is defined where a discontinuity crosses Vs ~ 3 km/s; and (3) a
mid-crustal discontinuity is defined at the strongest discontinuity be-
tween 10 km depth and the top of HVLC/crust mantle transition.

6. Results
6.1. Crustal thickness and Moho depth

The station-by-station Moho depth estimates surrounding the Lab-
rador Sea, Davis Strait and Baffin Bay show values that range between
~32 km and ~ 47 km (Fig. 6, Table 1). Although the dataset is sparse
and irregularly distributed over the study area (Fig. 1), some spatial
relationships and trends of Moho depth and tectonic boundaries and
terranes can be inferred. Overall, the Moho depth estimates from RF
inversion in the study area are comparable to previously published data
and regional models that are almost entirely based on independent data
(Welford and Hall, 2013; Welford et al., 2018; Lebedeva-Ivanova et al.,
2019), which is therefore a good first indication that the estimates are
geologically meaningful. However, locally we see considerable differ-
ences, which demonstrates the importance of the present work in
providing reference points for regional compilations and models.

On the West Greenland margin, the regional trend in Moho depth is
consistent with the compiled reference model (combination of ArcCrust,
Crust1.0 and crustal models from Welford and Hall, 2013; Welford et al.,
2018)), although we obtain generally deeper Moho estimates than pre-
viously suggested (Fig. 7). The northern stations on the West Greenland
margin (TULEG, KULLO, UPNV, NUUG) show Moho depths that are
inconsistent with the reference model, but rather resemble the Moho
depths further inland along the West Greenland coastline, which implies
that thicker crust may reach closer to the coastline than previously
interpreted. The 36 km deep Moho at TULEG is similar to estimates by
Darbyshire (2003), Dahl-Jensen et al. (2003) and Kumar et al. (2007)
with 35-40 km, 37 km and 36 km, respectively. Equally, similar esti-
mates are observed at UPNV (~38 km, this study; ~35 km, Darbyshire,
2003; 38 km, Dahl-Jensen et al., 2003). Only Kumar et al. (2007) esti-
mated a substantially shallower Moho depth of 32 km at station UPNV.
The stations in the vicinity of outcrops of the Davis Strait Igneous
Province (DSIP) (UMM, GDH, ASIG, ILUG/ILULI) in central West
Greenland clearly show thinned crust compared to the surrounding
continental areas in West Greenland, which is also seen in ArcCrust.
Dahl-Jensen et al. (2003) estimated a Moho depth of 36 km at station
GDH, which is the same as our estimate. However, Kumar et al. (2007)
again estimated a shallower Moho of 32 km. The boundary between the
Nagssugtogidian Orogen and the North Atlantic Craton was previously
imaged by common conversion point stacking of RFs (Dahl-Jensen et al.,
2016) and our inversion results are consistent with these results. Both
studies suggest a NW-SE thinning of the crust from approximately
45-50 km in the boundary zone between both terranes to 35-40 km in
the North Atlantic Craton. Both Dahl-Jensen et al. (2003) and Kumar
et al. (2007) estimated a very deep Moho at station SFJ (47 km and 45
km), which is consistent with our estimate at SFJD (~46 km). The other
two stations in the North Atlantic Craton (NUUK, PAAG) show consis-
tently shallower Moho of ~37 and 38 km depth, respectively, compared
to the other Precambrian domains in West Greenland. At these stations,
Dahl-Jensen et al. (2003) estimated 38 km and 42 km deep Moho, and
Kumar et al. (2007) estimated 35 and 41 km, respectively. In the Keti-
lidian Mobile Belt again slightly deeper Moho at ~40 and 44 km is
apparent at the stations IVI and NRS which is consistent with the
compiled reference model. Dahl-Jensen et al. (2003) previously esti-
mated a Moho depth of 40 km at NRS.

Along the Canadian Northwest Atlantic margin, we observe more
significant differences between our RF inversion results, previous RF
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Fig. 6. Moho depth results. (a) shows the inversion result from this study only (colourbar is inserted in map). (b) to (d) show inversion results together with previous
published Moho depth estimates (b-d, see Fig. 3 for references) and crustal reference model (Welford and Hall, 2013; Welford et al., 2018; Lebedeva-Ivanova et al.,
2019) in the background (colourbar in the centre of figure). Small circles are results from published offshore seismic studies (see Fig. 3 for references). Larger circles
with thick black frame are new results from RF inversion. The size of the circles representing RF results is the expression of the uncertainty (large icons representing
low uncertainties, small icons representing large uncertainties): b) the estimated model uncertainty (in km); c) the thickness of the crust-mantle transition (in km); d)
the mean uncertainty of the velocity model (in km/s). Abbreviations: NAG — Nagssugtogidian Orogen; MKMB — Makkovik-Ketilidian Mobile Belt.

studies, and the reference model (Fig. 7) (Lebedeva-Ivanova et al.,
2019). At the northernmost station used in this study (GFNU), our RF
inversion suggests a Moho transition between 40 and 45 km, similar to
the maximum Moho depth on southernmost Ellesmere Island and Devon
Island according to the reference model, but ~5-7.5 km deeper than
estimates by Darbyshire (2003) and ~ 5 km deeper than estimates by

12

Postlethwaite et al. (2014). The next station to the south (POIN/PINU on
northernmost Baffin Island) shows a shallow Moho at ~33 km depth,
which is similar to the reference model in this area and most previous RF
estimates (~35 km, Darbyshire, 2003 and Gilligan et al., 2016; ~34 km,
Thompson et al., 2010; 31.5 km, Postlethwaite et al., 2014). Northern
Baffin Island (stations CLRN, MRYN, MARC, BINU and B2NU) is
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Table 1

Stations and model estimates (values are colour-coded: white/green — low values, red — large values).

Station Moho depth [km] thickness crust-mantle transition [km] thckness HVLC [km] | Moho uncertainty [km] average velocity uncertainty [km/s]
ASIG 39.3 1.50 5.00 4.00 0.11
B1INU 42.5 3.00 3.75 4.15 0.20
B2NU 41.5 2.00 2.50 2.69 0.20
CDKN 41.3 2.50 2.50 1.75 0.13
CLRN 45.3 1.00 1.50 1.13 0.13
CMBN 39.9 1.75 5.75 3.29 0.12

FRB 46.0 1.00 2.00 1.50 0.08
GDHO 36.8 2.00 5.50 2.56 0.14
GFNU 42.0 3.00 4.00 2.88 0.20

ILULI/ILUG 36.5 3.00 2.25 1.20 0.10

VI 39.6 2.75 4.75 2.54 0.17
JENN 44.3 1.50 3.00 6.20 0.20
KIMN 43.8 2.50 3.50 1.70 0.15

KULL 40.0 1.00 2.50 0.94 0.10

MARN 39.0 1.00 3.00 2.92 0.18
MKVL 45.3 1.50 2.50 3.75 0.14
MRYN 40.0 3.00 5.00 1.69 0.11
NANL 40.5 1.00 3.00 4.35 0.14

NRS 44.3 0.50 1.00 2.33 0.15
NUUG 40.5 2.00 4.25 3.63 0.17
NUUK 37.6 1.25 3.25 2.06 0.10
PAAG 37.1 1.25 2.25 1.92 0.15
PNGN 39.8 2.50 5.00 3.44 0.14
POIN 335 3.00 3.00 1.25 0.12
SA1G 38.5 1.00 2.00 0.75 0.12
SA2G 42.6 1.25 2.00 4.65 0.16
SA3G 44.0 2.00 4.00 3.85 0.17
SAAG 43.6 1.75 2.75 1.19 0.17

SFJ1 46.1 2.25 3.75 2.66 0.14

SFJ2 45.8 2.50 5.00 2.63 0.17

SISG 42.6 1.75 5.75 3.78 0.10

TULEG 36.4 1.75 1.75 0.96 0.11

UMMO 38.8 1.50 5.50 3.25 0.15
UPNV 38.0 2.00 3.50 1.50 0.13
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otherwise characterised by a relatively consistent moderate Moho depth
of ~37-43 km, similar to the reference model and previous RF studies
(Darbyshire, 2003; Gilligan et al., 2016), with exception of 35 km at
station CLRN by Postlethwaite et al. (2014) and up to 44 km at BINU by
Thompson et al. (2010). Stations from southern Baffin Island (CMBN,
PNGN, CDKN, FRB, KIMN) show a generally deeper Moho (~40-45 km)
than those on northern Baffin Island. Although the differences between
north and south are not extreme, it is curious because the reference
model suggests the opposite tendency with deeper Moho in the north
than in the south. This difference is most pronounced on the Cumberland
Peninsula, southeastern Baffin Island (stations CMBN, PNGN), where we
observe more than 5 km deeper Moho compared to the reference model
and previous RF results (Thompson et al., 2010; Gilligan et al., 2016),
with the exception of Postlethwaite et al. (2014), who estimated 33 km
at station CMBN. Our Moho estimate at station FRB (45 km) is the same
as estimated by Darbyshire (2003) and only slightly deeper than other
models (Thompson et al., 2010; Postlethwaite et al., 2014). Stations
CDKN and KIMN show similar Moho depth values as previous studies
(Thompson et al., 2010; Postlethwaite et al., 2014), with the exception
of a larger Moho depth at station KIMN by Postlethwaite et al. (2014). In
the Nain province, we observe a 40 km deep Moho at station NANL on
the central Labrador coast, approximately 5 km deeper than the refer-
ence model, similar to the Moho depth in northern Labrador and further
inland (Funck and Louden, 1999; Funck et al., 2000b), but over 10 km
deeper than estimated by Postlethwaite et al. (2014). At this location,
Vervaet & Darbyshire (2022) estimated a Moho depth of ~35-40 km.
However, considerably higher velocities were inferred in the uppermost
layers (about 3.0-3.5 km/s compared to 2.6 km/s in this study), which
could relate to a velocity pull-down explaining the difference in Moho
depth. The estimated Moho depth in the Makkovik province (station

Moho, RF inversion [km]

45
Moho, reference model [km]

Fig. 7. Comparison of Moho depth of the complied reference model (x-axis)
and Moho depth estimated from receiver function inversion in this study (y-
axis). Blue dots mark estimates from Northeast Canada, red crosses mark esti-
mates from West Greenland. Error bars are the estimated model errors from
inversion. Black line shows a one-to-one correlation between both models.
Dotted lines mark the RMS difference between both models (red — West
Greenland, black — all estimates, blue — Northeast Canada). It is evident that RF
inversion overall estimates deeper Moho than the reference model and that
Northeast Canada (blue) has larger mismatches than West Greenland (red). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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MKVL) is 45 km which is similar to that in the Ketilidian Mobile Belt
(stations NRS and IVIG) on the West Greenland conjugate margin, and
slightly thinner than the ~45-50 km deep Moho estimated by Vervaet &
Darbyshire (2022), but again considerably thicker than the estimate of
26 km by Postlethwaite et al. (2014).

The regional Moho depth variation on the Canadian Labrador-Baffin
margin compares well with the West Greenland conjugate: Northern
Baffin Island and the conjugate West Greenland Rae Craton/Rinkian
Orogen show moderate Moho depth; Southern Baffin Island and the
conjugate Nagssugtogidian Orogen have thick crust; The Nain and
Makkovik Provinces show very similar results as the conjugate North
Atlantic Craton and Ketilidian Mobile Belt, respectively.

These new RF results are important as they add reference points to
new regional crustal models and provide a deeper understanding crustal
processes and structure, whilst they also support the previously estab-
lished existence of terrane boundaries and sutures in the region.

6.2. Thickness of high velocity lower crust (HVLC)

Our new RF inversion results from the Labrador Sea, Davis Strait and
Baffin Bay margins indicate the presence of HVLC below the present-day
onshore regions and allow a reinterpretation of the distribution and
origin of these structures. As illustrated in previous sections, there are a
number of challenges in the interpretation of these results, specifically:
(a) interpreting the origin and age of HVLC, and (b) defining the exact
vertical extent/thickness of HVLC considering overlapping velocity
ranges, Moho gradients and model uncertainty.

The results of the HVLC thickness are shown in Fig. 8, together with
the interpretation of the HVLC type and origin, which will be discussed
in later sections.

In West Greenland, there are clear indications of HVLC in the Disko
Bay area with thicknesses of 4-5 km (stations NUUG, UMM, GDH, ASIG,
SISG), with the exception of station ILUG/ILULI where the HVLC
thickness is negligible. Moderate thicknesses of 1-3 km were estimated
at the stations immediately to the north (stations KULLO and UPNV) and
south (stations SA1G-4G, NUUK, PAAG, IVIG) of the Disko Bay area.
Only three stations show negligible HVLC thicknesses, and these are the
northernmost station (TULEG), the easternmost station in the Disko Bay
area (ILUG/ILULI) and the southernmost station (NRS).

On the Canadian side, only two stations on the Cumberland Penin-
sula (PNGN and CMBN) exhibit thick HVLC of 4-5 km. These are sur-
rounded primarily by stations indicating thin HVLC of 1-2 km, after
subtraction of 1 km (CLRN, B2NU, CDKN, JENN, FRB, KIMN), which is
close to the detection limit of RFs. The southernmost station in the
Makkovik Province (MKVL) also shows a HVLC of only 1-2 km.
Moderately thick HVLC (1-3 km) is found in the north (GFNU, POIN/
PINU, MRYN/MARN). Station BINU with a HVLC thickness of 2 km is
situated in the vicinity of otherwise thinner HVLC.

7. Discussion
7.1. Implications for regional crustal models

We collected teleseismic data from all available seismic stations
around the Northwest Atlantic and estimated crustal structure using RF
inversion. Our model has the advantage that we are treating all available
stations with the same methodology, compared to previous studies that
treated various sub-datasets with different methods and processing
steps. Most previous RF estimates were based on H-k stacking, which
treats the crust as a single layer and cannot account for crust-mantle
transition zones, the presence of HVLC or other intra-crustal complex-
ities — all important complementary information which we focus our
interpretations on.

Our new Moho results from West Greenland are generally more
consistent with the regional crustal reference models (root mean square
difference of 3.7 km) than those from the Canadian margin (root mean
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Fig. 8. Estimates and interpretation of the
thickness of high velocity lower crust
(HVLC) with (i) the Lithosphere-
Asthenosphere boundary (LAB) depth, and
(ii) crustal thickness in the background. In
a), b) and c), the differently shaded areas
mark different interpretations of HVLC: red
indicates a possible igneous HVLC origin,
purple marks interpreted orogenic-type
HVLC and green shading marks interpreted
exhumed mantle-type HVLC. Stippled areas
mark more uncertain areas. Red line marks
the outline of previously mapped igneous
products of the Davis Strait Igneous Prov-
ince. NAG - Nagssugtoqgidian Orogen;
MKMB - Makkovik-Ketilidian Mobile Belt.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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square difference of 5.5 km) (Fig. 7). Of 34 stations at which the Moho
depth was estimated, 25 estimates indicate a deeper Moho than the
crustal reference model, while only 9 stations indicate a shallower Moho
depth, indicating that there is a systematic tendency of the RF inversion
(and interpretation of the velocity models) towards a deeper Moho
depth than the Moho suggested by the regional reference model.

Across West Greenland, changes in Moho depth appear to be
dependent on defined tectonic provinces, as shown in a schematic cross
section (Fig. 9a). In the north, the Moho depth is relatively shallow
under the Rae Craton, increasing in depth following the transition to the
crust of the Rinkian Orogen. The Nagssugtogidian Orogen generally
displays the thickest crust in West Greenland, together with the Disko
Bay area, which also shows clear evidence for crustal thinning likely
related to magmatism and rifting. The Moho depth increases southwards
to the boundary with the North Atlantic Craton, likely related to the
amalgamation of Greenland. The remaining crust of the North Atlantic
Craton is generally thinner than this orogenic/sutured crust. In the
south, the Ketilidian Mobile Belt in southernmost Greenland exhibits
thicker crust than the North Atlantic Craton. Finally, the Disko Bay area
clearly shows evidence for crustal thinning, likely related to magmatism
and rifting, confirming earlier studies.

On the Canadian side (Fig. 9b), we emphasise the following main
features: (i) A consistent north-south Moho depth increase on Baffin
Island. The Rae Craton has the overall thinnest crust, followed by the
northern segment of the Trans-Hudson Orogen on Baffin Island and
finally the southern segment of the Trans-Hudson Orogen with clearly
thickest crust, which supports the notion of the Baffin Suture dividing
Baffin Island. Curiously, this is the opposite trend than what the refer-
ence crustal model depicts. (ii) The Central Labrador coast comprises
thick crust, which appears to be related to the Torngat Orogen, clearly
mapped in the north of Labrador by previous seismic surveys. (iii) The
Makkovik province (station MKVL) has a deep Moho, in the same range
as the conjugate Ketilidian Mobile Belt. Our Moho depth estimate at
MKVL seems to be robust, and recent RF inversion results from a
different code and approach suggests a very similar depth (Vervaet &
Darbyshire 2022). However, this estimate is ~13 km deeper than the
reference model and published controlled source seismic models in the
Makkovik Province (Louden and Fan, 1998), which may indicate a
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complex crust-mantle transition zone.

7.2. Extent and origin of high velocity lower crust

As explained before, knowing which type of HVLC is present in the
lower crust can provide key insight into the past geodynamic events that
have affected a region, such as igneous activity, mantle serpentinisation
and orogeny. In the following section, we will first present an inter-
pretation of our new results combined with results from previous
studies, by assigning observed lower-crustal structure to the four main
types of possible HVLC; i) igneous, ii) pre-existing metamorphic, iii) syn-
rift exhumed and serpentinised mantle, and iv) cratonic lower crust type
HVLC body. Then we will discuss the distribution of these different types
of HVLC across the NW Atlantic (Fig. 10). Our interpretations are guided
by surface geology, as limited other information is available, and we
recognise that more complex structures may exist and that the mapped
geology may be incomplete. The new models of HVLC thickness, in
relation to existing data as well as regional geology and tectonics, allow
for an improved interpretation of the distribution of HVLC and its origin.
This improved interpretation is based on spatial correlation with vol-
canic provinces, known suture zones and terrane boundaries, or with
crustal and lithospheric thickness. All HVLC thickness interpretations
and all values mentioned are based on the RF inversion estimates with 1
km subtracted in order to account for uncertainties. HVLC thickness
below 1 km is therefore assumed to be negligible/non-existent.

Where HVLC is in the vicinity of, or coincident with, other obser-
vations of igneous rocks of the Davis Strait Igneous Province (DSIP), we
interpret these structures as a mafic underplate, or lower crustal in-
trusions related to DSIP magmatism, unless evidence suggests otherwise.
Similarly, if HVLC is found in the vicinity or as an extrapolation of
known tectonic boundaries or in orogens and mobile belts, we consider
the possibility that HVLC represents a fossil metamorphosed crustal
root. For example, the HVLC beneath the Davis Strait may partly origi-
nate from rifting which led to deformation and redistribution of meta-
morphosed lower crust, rather than entirely from igneous processes, as
often assumed (Funck et al., 2007; Gerlings et al., 2009; Funck et al.,
2012; Keen et al., 2012; Hosseinpour et al., 2013; Suckro et al., 2013). In
areas where we see thinned crust and HVLC in direct contact with
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Fig. 10. Estimates and interpretation of the thickness of high velocity lower crust with (a) the Lithosphere-Asthenosphere boundary (LAB) depth, (b) crustal
thickness and (c) the simplified geological map in the background. In a) and b) red shaded areas mark interpreted igneous-type HVLC, purple marks interpreted
orogenic-type HVLC and green shading marks interpreted exhumed mantle-type HVLC. Stippled areas mark two possible interpretations. Red line marks the outline

of previously mapped igneous products of the Davis Strait Igneous Province. The thick black-stippled line in (c) marks the possible extent of the Davis Strait Igneous
Province. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sedimentary successions, HVLC may be indicative of syn-rift exhumed
mantle. We also use the distribution of different HVLC bodies and their
interpretation in a palaeogeographic reconstruction (Fig. 11) in order to
evaluate whether or not HVLC of the same type is spatially related. In
addition, the interplay between HVLC and Moho depth is another good
indicator for the type of HVLC: lower crustal intrusions may more
commonly appear in regions of thinned crust, whilst orogenic-type
HVLC rather occurs in thickened crust (but obviously with some
exceptions).

In West Greenland, the estimated HVLC in the Disko Bay area cor-
responds well with mapped occurrences of igneous rocks in the region. A
DSIP-origin of the HVLC in this area is supported by the observations
between 67°N (station ASIG) and 71°N (Upernavik, station UPNV)
(Fig. 9). Whether or not HVLC as far north as 73°N (station KULLO) is
related to the DSIP is uncertain as the estimated HVLC thickness is
decreasing and no Palaeogene igneous products were mapped on- or
offshore (Fig. 2). The potential continuation of the DSIP in this area may
be investigated in future studies. On mainland Greenland opposite to
Disko Island, the HVLC thickness is negligible (station ILUG/ILULI). We
interpret this station to mark the eastern limit of the DSIP in this area.
More data are required to map the extent, thickness and structural re-
lationships of HVLC in this area.

To the south, station SISG, the closest to the coastline of 5 stations in
a temporary array in central West Greenland (Dahl-Jensen et al., 2016),
shows thick HVLC (Figs. 8-10). Although in the onshore there are no
reported outcrops of Palaeogene igneous rocks, there is evidence for
such rocks in the offshore (Funck et al., 2012; Suckro et al., 2013;
Abdelmalak et al., 2019). Therefore, it is possible that the HVLC at SISG
is of igneous nature, which would imply that the DSIP has affected the
area.

Immediately to the east of SISG, the other 4 temporary stations
(SA1G-SAA4G) cross the boundary between the Nagssugtoqidian Orogen
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and North Atlantic Craton (Figs. 8-10). The HVLC estimated here is
considerably thinner (2-4 km) than at SISG. A similar thickness (4-5
km) was estimated at station SFJD further east, which is still close to the
elusive tectonic boundary. We interpret this HVLC as a possible remnant
of the orogenic processes that resulted from the collision of the Nags-
sugtogidian Orogen and North Atlantic Craton.

Station NUUK displays a moderately thick HVLC of ~2.5 km. Only
minor intrusions are mapped in the area and a sill complex is mapped in
the offshore, but there is no evidence for HVLC in the offshore (Funck
et al., 2007). Furthermore, station NUUK is at considerable distance to
known suture zones or terrane boundaries. We cannot make strong in-
ferences about the origin of this estimated HVLC, and it may be either
related to igneous processes, or could represent a cratonic-type lower
crustal layer of the North Atlantic Craton.

The stations in South Greenland (PAAG, IVI, NRS) show varying
HVLC thicknesses (Figs. 8-10). The HVLC at PAAG, the northernmost of
these, is ~2 km thick, followed by a thickness of ~5 km at IVI and
negligible thickness at the southernmost station, NRS. None of these
stations can be related to Palaeogene igneous rocks, but a Cretaceous
dyke swarm follows the coastline in this area (Larsen et al., 2009). Here,
the continent-ocean transition is interpreted to be close to the present-
day coastline due to a very narrow shelf (Dunbar and Sawyer, 1989;
Chian et al., 1995b; Chian et al., 1995a; Chalmers and Pulvertaft, 2001;
Peace et al., 2016) and the nature of the offshore HVLC is debated (e.g.
Chian et al., 1995b). The distal part of the offshore HVLC is likely in
contact with sediments, which could allow transport of water into the
mantle during rifting and makes a serpentinised mantle type HVLC a
likely candidate. Vice versa, the proximal part of the HVLC underlies
continental crust and for the same reasons, a hydrated, serpentinised
mantle type HVLC is here rather unlikely. Therefore, the nature of the
thick HVLC at PAAG and IVI is uncertain: At PAAG the HVLC could
either represent moderate lower crustal intrusions or a cratonic lower

LAB depth:

100-150 km >150 km

Possible HVLC origin:

crustal thickness: 12.5-25 km >25 km

Igneous, Davis Strait Igneous Province - syn-rift seprntinised mantle - Pre-existing metamorphic rocks

Fig. 11. Reconstructions of the lithosphere-asthenosphere boundary depth (a) and crustal thickness (b) of the NW Atlantic area at 62 Ma (from Abdelmalak et al.
2017) with interpretations of observed high velocity lower crustal (HVLC) bodies. Red shaded areas mark interpreted igneous-type HVLC, purple marks interpreted
orogenic-type HVLC and green shading marks interpreted exhumed mantle-type HVLC. Stippled areas mark two possible interpretations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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crust of the North Atlantic Craton; At IVIG, the HVLC may represent a
local igneous alteration of the lower crust, possibly breakup related, or it
could be related to the North Atlantic Craton-Ketilidian boundary and
thereby collision processes.

On the Canadian side, the only estimates of HVLC from this study
that could possibly relate to the DSIP are those on the Cumberland
Peninsula (stations PNGN, CMBN). These three stations have an HVLC
that is 5-6 km thick, which is noticeably thicker than the estimates at
other stations on Baffin Island. However, in this area there is no evidence
of Palaeogene igneous rocks or any other magmatism, except for the
HVLC of the Davis Strait offshore and outcrops at the easternmost tip of
Cumberland Peninsula — both of these locations are at more than 100 km
distance to stations PNGN and CMBN. Another process that could
explain this thick HVLC is the amalgamation of the Trans-Hudson Oro-
gen. Indeed, an intra-Trans-Hudson Orogen terrane boundary, the Baffin
Suture, separates southern and northern Baffin Island (Corrigan et al.,
2009; St-Onge et al., 2009) and this boundary is close to stations PNGN
and CMBN. The HVLC along this boundary could therefore represent
preserved metamorphic rocks related to suturing of Palaeoproterozoic
terranes. Nevertheless, interpretation of this HVLC remains speculative
and requires more work and supporting data to establish spatial and
structural relationships. All other estimates on Baffin and Devon Island
show HVLC thicknesses of 2-4 km, generally thicker in the north than in
the south and we relate these estimates to a lower crustal layer that can
sometimes be observed in cratonic areas (England and Ebbing, 2012;
Thybo and Artemieva, 2013; Schulte-Pelkum et al., 2017).

Northern Labrador has been previously shown to be underlain by
more than 5 km thick HVLC related to Palaeoproterozoic collision of the
Archean Nain Province (Funck and Louden, 1999; Funck et al., 2000b).
The thick HVLC at station NANL (central Labrador coast) likely repre-
sents the southward continuation of the Palaeoproterozoic Torngat
Orogen and similar amalgamation processes between the Nain Prov-
ince/North Atlantic Craton to the east with Palaeoproterozoic terranes
to the west. An igneous interpretation of this HVLC relating to the DSIP
is unlikely, due to the lack of Mesozoic-Cenozoic magmatism in the
immidiate surroundings.

Only very thin or no HVLC was estimated in the Makkovik province
(MKVL), the southernmost station of this study. Peace et al. (2016) have
found only little evidence for rift-related magmatism in the Makkovik
Province and our estimates are in agreement with a coincident seismic
refraction line showing only the presence of a minimal HVLC layer
(Louden and Fan, 1998). We prefer an orogenic-type HVLC in this area,
related to Grenvillian tectonics (Funck et al., 2001).

Maps showing the distribution of the three major types of HVLC, i.e.,
1) igneous/magmatic, 2) orogenic and 3) syn-rift exhumed mantle type
in relation to LAB and Moho depths are shown on Fig. 8. A final map
integrating all the available information and depicting our preferred
distribution of HVLC types is shown in Fig. 10, and its reconstruction at
62 Ma in Fig. 11.

Fig. 8a shows the maximum extent of possible igneous-type HVLC.
The new data suggest substantial HLVC on the West Greenland margin
and on the Cumberland Peninsula on Baffin Island that we regard as
candidates for being related to DSIP igneous activity, based primarily on
their vicinity to volcanic products onshore and offshore. Furthermore
we infer that all HVLC along the Labrador Sea conjugate margins could
potentially be of igneous nature (Chian and Louden, 1994; Chian et al.,
1995b; Chalmers, 1997), but especially those that are interpreted to be
located beneath a layer of intact continental crust in the rifted margin. In
such cases, it seems unlikely that water is transported/circulated
through the remaining crystalline crust in order to hydrate and ser-
pentinise the uppermost mantle.

Fig. 8b shows the extent of HVLC interpreted here to potentially
represent pre-existing metamorphic material in the lower crust. This
interpretation is primarily based on the vicinity of these locations to
known terrane boundaries and suture zones, such as on the Cumberland
Peninsula (Baffin Bay Suture), along the Labrador margin (Torngat
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Orogen), as well as in the vicinity of the Nagssugtogidian Orogen-North
Atlantic Craton boundary and the Ketilidian Mobile Belt. We further-
more suggest that a substantial part of the HVLC beneath Davis Strait
may represent deformed lower (metamorphosed) continental crust of
the Nagssugtogidian Orogen that flowed during the oblique and
inheritance-assisted rifting process filling the area forming the Davis
Strait, similar to models suggested for the Greenland-Iceland-Faroes
Ridge in the Northeast Atlantic (Petersen et al., 2018; Foulger et al.,
2020).

Fig. 8c shows the occurrences of HVLC that can potentially be related
to syn-rift mantle serpentinisation. However, as noted above, method-
ological limitations place potential caveats on these interpretations. In
cases where the HVLC is in direct contact with sedimentary successions,
we interpret a hydrated mantle as a very likely source as opposed to
occurrences of HVLC beneath a thinned, but still-intact continental
crustal layer.

For all other HVLC bodies for which we cannot find spatial re-
lationships with other geological structures, inferences regarding the
origin of HVLC involved too much uncertainty. Many of the occurrences
of HVLC in the interior of cratons may be related to a cratonic lower
crustal layer that has been observed in numerous regions (e.g. Chris-
tensen and Mooney, 1995; England and Ebbing, 2012; Schulte-Pelkum
et al., 2017). As already discussed, HVLC can frequently be observed in
cratons but they are not ubiquitous. The origin of these bodies is not
conclusively understood, but could be related to melt residues, presence
of eclogite, or generally crustal formation or modification processes in
Archean-Palaeoproterozoic geodynamic settings (Schmidt, 2000; Kuk-
konen et al., 2008; England and Ebbing, 2012; Schulte-Pelkum et al.,
2017).

Our final regional interpretation is presented in Fig. 10. We suggest
that the DSIP continues further north on the West Greenland margin
than previously mapped. HVLC on the southern West Greenland margin
may be part of the DSIP as well, but this interpretation has a higher
degree of uncertainty. The lower crust on the Cumberland Peninsula
(Baffin Island) may have also been affected by DSIP activity. However,
here the close vicinity to the Baffin Suture makes a pre-existing meta-
morphic origin of this HVLC more likely. The HVLC along the Labrador
Sea margins could be explained by several models - igneous injection,
metamorphism or syn-rift serpentinisation and based on the available
data, we cannot identify a preferred model and suggest a thorough re-
investigation and interpretation for future studies. Through our sys-
tematic evaluation of possible scenarios, we determined that the most
likely one is a metamorphic/orogenic origin for the HVLC mapped along
the eastern Labrador coast, in the vicinity of the Nagssugtogidian
Orogen-North Atlantic Craton boundary, as well as in the Ketilidian
Mobile Belt.

The relative location of HVLC bodies at 62 Ma using a reconstruction
by Abdelmalak et al., (2019) gives further insight into the origin of
HVLC (Fig. 11). The potential igneous HVLC now forms a continuous
area from northern Baffin Bay to the southern Labrador Sea, except for
the bodies on the Cumberland Peninsula, which seem less well-aligned
compared to all other HVLC observed. Instead, HVLC on the Cumber-
land Peninsula may be more likely of orogenic origin, as now the Baffin
Suture lines up with the conjugate boundary between Nagssugtoqidian
and Rae Craton in West Greenland, forming a lineament of potentially
orogenic metamorphosed lower crust. The HVLC potentially formed by
syn-rift mantle exhumation and hydration defines a continuous area in
the very south of the investigated HVLC bodies, however the HVLC
branching out towards the Labrador coast appears to be different and
has no corresponding body on the conjugate margin. Furthermore, there
is a gap between this offshore HVLC and the HVLC imaged onshore,
which may indicate that these are separate bodies. Therefore, it may be
more likely that these bodies formed through igneous processes.

An improved distinction between the different types of HVLC will
come from future investigations combining coincident, high-resolution
datasets from complementary geophysical approaches (gravity,
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magnetics, different seismic methods, magnetotellurics, etc.) with
detailed structural models.

7.3. Structural and magmatic development of the Northwest Atlantic

The volcanic products of the DSIP are clearly related to the Davis
Strait bathymetric high, as well as thickened crust and lithosphere,
which suggests a common generic formation process (Fig. 9). Further-
more, we see a clear asymmetry in the distribution of volcanic products
(Fig. 9) and coincident sediment-accumulation zones/basins (Fig. 3b),
with flipped polarity from north to south (i.e., contrasting volcanism and
sedimentary deposition between the eastern Baffin Bay margin and the
western Labrador Sea margin). This asymmetry has been noted in other
first-order structural aspects of the margins (Peace et al., 2016). The fact
that the Davis Strait incorporates a major transfer system, regional
control on the distribution of sedimentation and magmatism (Peace
etal., 2017; Peace et al., 2018b; Heron et al., 2019; Schiffer et al., 2020),
volcanism with ambiguous geochemistry and petrology (Hole, 2015;
Clarke and Beutel, 2020; Hole and Natland, 2020) and the simple cor-
relation between extensive igneous products and continental structures
all suggest that tectonic processes and inheritance play a major role in
the development of the Northwest Atlantic. The magmatic products in
Baffin Bay are concentrated on the eastern margin, along the Rinkian
Orogen, which may suggest some type of reactivation of Rinkian
orogenic structures during breakup of Baffin Bay, as noted by Schiffer
et al. (2020). Petersen and Schiffer (2016) have studied the effect of
various types of orogenic inheritance on rifting and magnetism and see a
clear asymmetry in both margin architecture and magnetic products
depending on various pre-existing structural configurations, which
could be applied to the Northwest Atlantic. Moreover, Heron et al.
(2019) and Clarke and Beutel (2020) have investigated other aspects
and other types of structural inheritance that may explain some of these
observations in the Northwest Atlantic.

Similar to models developed for the Northeast Atlantic, the structural
and magmatic peculiarities could be caused by an oblique interaction of
a propagating rift with inherited crustal structures, such as the ancient
crustal root of the Nagssugtoqidian Orogen, which also may have caused
structural complexity in form of the Greenland-Iceland-Faroes Ridge at a
very similar location on the eastern side of Greenland (Foulger et al.,
2020; Schiffer et al., 2020).

8. Conclusions

This study presents new crustal velocity models, and therewith es-
timates of Moho depth and the thickness of HVLC. These two elements
provide important new insight into the geodynamic and magmatic
evolution in the area. Although a considerable amount of data on the
crustal structure exist offshore of the Labrador Sea, Davis Strait and
Baffin Bay, deep structural information is limited onshore. The results
provide crucial data to map Moho depth and the extent of HVLC, which
contribute to updated interpretations of the regional models, as well as
interpretations of the extent of the Davis Strait Igneous Province, the
presence of fossil collision/subduction zones and sutures/terrane
boundaries.

8.1. Extent of the Davis Strait Igneous Province

The new data allow us to infer that the Davis Strait Igneous Province
(DSIP) might continue further north than previously thought in West
Greenland, where two stations show evidence for HVLC. In addition,
there are also some possible indications of DSIP-related HVLC to the
south. However, we cannot rule out an alternative HVLC model such as
metamorphosed lower crust, especially in South Greenland (Figs. 9 and
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10). The cross section along the West Greenland margin clearly indicates
maximum HVLC thickness centred in central West Greenland (Disko Bay
area) decreasing to the north and south, with some local anomalies that
we relate to orogenic processes. On the Canadian side, there might be a
possibility that the Cumberland Peninsula was affected by the DSIP
given that two stations show thick HVLC, but we prefer an interpretation
as an orogenic-type HVLC here, due to the vicinity of the stations to the
Baffin Suture. Though these inferences appear significant, more data is
clearly required.

8.2. Fossil collision zones and terranes

The new evidence from crustal thickness/Moho depth and HVLC
supports the existence of major collision zones/terrane boundaries. We
confirm the existence of a suture zone between the Nagssugtoqidian
Orogen and North Atlantic Craton, which was already shown by RF
common conversion point imaging (Dahl-Jensen et al., 2016), but now
we can also relate this boundary to HVLC in addition to a clear Moho
step. In SE Baffin Island, we estimated a thick HVLC that likely relates to
the Baffin Suture and Trans-Hudson orogenic processes. Furthermore,
we see evidence for a continuation of the thick HVLC keel along the
Labrador margin that is interpreted to be the remnant of a meta-
morphosed lower crustal body originating from the Torngat Orogen
(Funck and Louden, 1999). Lastly, the thick HVLC mapped in the Keti-
lidian Province of South Greenland may relate to similar collisional
processes, while we consider a relationship to the DSIP as rather un-
likely. Although much of the HVLC mapped offshore by previous seismic
studies suggests an igneous origin, we note that substantial volumes of
HVLC beneath Davis Strait may be of inherited, orogenic type (Gernigon
et al., 2004; Petersen and Schiffer, 2016; Schiffer et al., 2016a), such
that the igneous volume might be smaller in these areas than previously
thought.

The schematic cross-sections shown in Fig. 9 clearly show changes
both in Moho depth and HVLC thickness across or along boundaries
between terranes and provinces: The Rae Craton consistently has rela-
tively shallow Moho (35-40 km, with exception of station CLRN); The
Trans-Hudson Orogen and Nagssugtoqidian Orogen have deeper Moho
(~39-45 km); The North Atlantic Craton and Nain Province have a
Moho depth of ~30-35 km (with exception of stations located close to
the Nagssugtogidian Orogen -North Atlantic Craton boundary); the
Makkovik-Ketilidian Mobile Belt shows deeper Moho (~40-45 km).

The new RF inversion results on the crustal structure in the North-
west Atlantic region add new reference points for the future develop-
ment of regional models, for comparisons with other studies and for
estimates of the extent and magmatic volumes of the DSIP. As the new
models only give point-wise information at 34 stations, the in-
terpretations are clearly spatially and structurally limited. More work is
therefore required to confirm our inferences and most importantly, more
and denser data coverage along the Labrador-Baffin passive margins will
help tying structural relationships from Canada to Greenland and along
the margins. The correlation of magmatic products, HVLC and known
pre-existing structures and terranes boundaries in the region supports a
model in which inheritance plays a major role in localising extension,
breakup and magmatism in the Northwest Atlantic. However, whether a
thermal mantle upwelling was present or whether the region even
required assistance cannot be determined.

We would like to emphasise four regions that could yield particularly
useful results from more extensive work: i) better coverage of the Disko
Bay region, in particular along the mainland, to trace the potential
eastern boundary of the DSIP; ii) the area around station NUUK, which
shows evidence for a substantial HVLC thickness, but it is unclear
whether it is related to the DSIP. Moreover, greater coverage could give
insights into the spatial distribution and origin of the HVLC in this area;



C. Schiffer et al.

iii) SE and central Baffin Island, to investigate the extent of the HVLC
and to distinguish whether the HVLC is of orogenic-type or igneous-type;
and finally, iv) More work along the Labrador coast in order to fill the
gaps between controlled-source and natural-source seismic constraints
and get insight into the distribution and origin of HVLC there.

Example linearised LSQ inversion of station TULEG with 5 (d), 12 (e)
and 18 (f) layers.
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