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Abstract Detecting old hotspot tracks in a stable continent remains challenging because of the lack of
volcano chains on the surface and the fade of thermal anomalies with time. The northeastern American continent
moved over the Cape Verde and the Great Meteor hotspots during 300-100 Ma. However, only the latter was
confirmed by kimberlites and seismic velocity models. Our new 3D anisotropic model in northeastern America
reveals strong positive radial anisotropy anomalies in the eastern Great Lakes, central Pennsylvania, and
northwestern Virginia. These anomalies follow the Cape Verde hotspot track, providing the first geophysical
evidence for the hotspot. A circular pattern of azimuthal anisotropy is also observed in the eastern Great Lakes
and may be related to the Cape Verde plume activity. The plume was under the Great Lakes during 300-200 Ma
and probably caused lithosphere thinning and low topography needed for forming the Lakes during the
glacial era.

Plain Language Summary The strong and thick lithosphere of a stable continent makes it difficult
for a hot mantle plume to penetrate and form a volcano chain on the surface. Low-velocity thermal anomalies in
the upper mantle from the plume materials also fade with time and, therefore, cannot be a reliable feature for
detecting an old plume path. Our new 3D seismic anisotropy model in northeastern America reveals positive
radial-anisotropy anomalies in the eastern Great Lakes, central Pennsylvania, and northwestern Virginia,
aligning with the Cape Verde hotspot track. A circular azimuthal anisotropy in the eastern Great Lakes may also
be related to the Cape Verde plume that was under the region during 300-200 Ma. The plume activity must have
thinned the lithosphere and set the stage for the birth of the Great Lakes from later glaciation.

1. Introduction

Hotspot volcanoes are thought to form above regions of anomalously hot mantle and often form age-progressive,
track-like chains within oceanic plates (e.g., Hawaii). However, identifying hotspot tracks on a stable continent is
far more challenging because the complex continental lithosphere structure minimizes the formation of linear
volcanic chains on the surface. Northeastern North America passed over the Cape Verde (CV) and the Great
Meteor (GM) hotspots during the Mesozoic and Cenozoic, according to plate reconstructions (Morgan, 1983;
Miiller et al., 2022). The GM hotspot track has been identified in the period of 150-115 Ma using kimberlites,
Cretaceous volcanism, and other geologic and geophysical data in southeastern Canada and New England
(Crough, 1981; Heaman et al., 2004; McHone & Butler, 1984; Sleep, 1990), extending to the New England
seamounts in the Atlantic Ocean (Duncan, 1984) (Figure 1). However, the CV hotspot track in the North
American continent has not been studied much or confirmed by geological or geophysical observations. Our
anisotropic velocity model from this research provides the first evidence for the CV hotspot track in the North
American continent. The coincidence of the CV hotspot with the Great Lakes suggests that the hotspot may have
played a critical role in forming the most extensive freshwater lake system.

The GM and CV are long-lived hotspots currently active in the Atlantic Ocean (Figure 1). They are fed by deep
mantle plumes, which produce hot thermal anomalies that are imaged as low-velocity regions in the upper mantle
(French & Romanowicz, 2015). A broad low-velocity anomaly at 200 km depth from the Atlantic coast to the
Great Lakes region (van der Lee & Frederiksen, 2005), located to the south of the GM hotspot track on the surface,
is interpreted as the hotspot track in the mantle (Eaton & Frederiksen, 2007). However, this low-velocity anomaly
is confined chiefly in New England in recent tomographic models, not extending to the Great Lakes region
(Clouzet et al., 2018; Levin et al., 2018; Menke et al., 2016; Pollitz & Mooney, 2016; Schmandt & Lin, 2014; X.
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Figure 1. Map of northeastern America with tectonic features and seismic stations. The green rectangle marks the study
region, and black triangles are the TA stations used in this study. Yellow diamonds are kimberlite locations. Red triangles
represent the New England seamounts (NES), Cretaceous plutons in the White Mountains (WM) in New Hampshire and
Monteregian Hills (MH) in Quebec, and Eocene volcanoes in northwestern Virginia. Blue curves indicate the Appalachian
front and the Grenville front. The white dashed line shows the GM hotspot track. The Midcontinent Rift (MCR) and the
Ottawa-Bonnechere Graben (OBG) are outlined in orange. The inset shows the current locations of the GM and CV hotspots
in the Atlantic Ocean.

Yang & Gao, 2018; Yuan et al., 2011). Furthermore, a low-velocity anomaly is not a reliable feature for imaging
the track of an old plume because it gradually becomes weak with time due to thermal diffusion.

Seismic anisotropy, caused by lithospheric deformation and asthenospheric flow, might be used to reveal past
plume locations in continents (Tao et al., 2021) if it is frozen in the lithosphere or locked in the plume-fed sub-
lithosphere mantle with high viscosity (Karato, 2008). Geodynamic simulations of plume-plate interaction have
shown Vgy > Vgy and circular azimuthal anisotropy in the plume head (Ito et al., 2014). However, these features
only exist at a limited depth range, making it difficult to observe from seismic anisotropy measurements. These
features have not been observed or investigated in previous anisotropic models (e.g., Yuan et al., 2011; Zhou
et al., 2022; Zhu et al., 2017, 2020). Shear-wave splitting results (Long et al., 2016; Yang et al., 2017) have high
lateral resolution but poor depth constraints of anisotropy. In this study, we have developed a high-resolution 3D
anisotropic velocity model for the upper mantle of northeastern America using surface wave tomography. The
model reveals distinctive positive radial-anisotropy anomalies correlating with the GM and CV hotspot tracks. A
circular azimuthal anisotropy pattern in the eastern Great Lakes may also be related to the CV plume activity.
These observations unveil the hidden path of the CV hotspot in the North American continent for the first time.

2. Data and Method

The surface wave data used in this study are recorded at the USArray Transportable Array (TA) in northeastern
America (Figure 1 and Figure S1, and Text S1 in Supporting Information S1) with magnitude >5.5, focal depth
<100 km, and epicentral distance between 25° and 120°. Fundamental mode Rayleigh and Love waves are
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extracted at frequencies from 6 to 50 mHz. Both Rayleigh and Love waves show dense crossing ray paths within
the station array, correlating with the area of high model resolution (Figures S2-S3 in Supporting
Information S1).

A two-plane wave inversion method (Forsyth & Li, 2005; Li & Li, 2015; Y. Yang & Forsyth, 2006) is adopted to
compute isotropic Rayleigh and Love wave phase velocities (Figures S4-S5, and Text S2 in Supporting Infor-
mation S1), which are used in the joint inversion to construct radially anisotropic shear wave velocity models. Our
anisotropic models, constrained by surface wave data from 20 to 167 s, have a high model resolution to ~250 km
depth (Figure S6 and Text S3 in Supporting Information S1). We solved two independent parameters (V, and
& = (Vgu/ Vsy)?) using the algorithm of Saito (1988), assuming a linear relation between & and other anisotropic
parameters (Montagner & Anderson, 1989) (Text S4 in Supporting Information S1). The initial model of the
inversion is the AK135 model (Kennett et al., 1995), with the crust thickness taken from Tao et al. (2021).
Rayleigh and Love wave phase velocities were directly inverted for Vg and &, different from the procedure of Tao
etal. (2021), who constrained the initial anisotropic model from isotropic Vgy and Vg and tightly constrained the
parameters in the inversion. Our new, improved radial anisotropy model reveals more details than the previous
model (Tao et al., 2021) (Figures S7-S9 in Supporting Information S1).

Azimuthal anisotropic phase velocities are obtained from Rayleigh waves using the TPW method assuming a
slightly anisotropic medium (Forsyth et al., 1998; Li & Detrick, 2006; Li et al., 2003; Smith & Dahlen, 1973)
(Text S2 in Supporting Information S1). These anisotropic phase velocity terms, along with SKS splitting
measurements at the TA stations (Figure S10 in Supporting Information S1) (Yang et al., 2017), are jointly
inverted for three model parameters, V,, G/L, and G/L in each layer, where G, G, and L are linear combi-
nations of elements in the elastic tensor Cy; (Montagner et al., 2000; Montagner & Nataf, 1986; Romanowicz &
Yuan, 2012) (Text S5 in Supporting Information S1). A new 3D azimuthal anisotropy model was constructed
from the joint inversion.

3. Results
3.1. Shear Wave Velocity and Radial Anisotropy Structure

The newly developed 3D anisotropic velocity model in northeastern America reveals many detailed features in
the upper mantle for the first time (Figures 2 and 3, S8, S9 in Supporting Information S1). The well-known low-
velocity anomaly in New England, the Northern Appalachian Anomaly (NAA), is associated with high radial
anisotropy (A1). This anomaly has been interpreted as a recent asthenosphere upwelling due to edge-driven small-
scale convection (Levin et al., 2018). Tao et al. (2021) associated it with past plume-lithosphere interactions that
thinned the local lithosphere, leading to small-scale convection. In this paper, we focus on other anomalies in the
Great Lakes region (A2), Pennsylvania (A3), Virginia, and Maryland and Delaware coast (A4) (Figure 2d).

One newly observed feature is a region of strong positive radial anisotropy in the eastern Great Lakes in the
Grenville Province (A2), where velocity is not significantly low. This anomaly extends in the NE-SW direction at
the uppermost mantle (Figure 2d), parallel to the Grenville front. The two ends of this anomaly fade with depth
while the center remains robust to 180 km depth. High radial anisotropy regions also appear along the Ottawa-
Bonnechere graben in southeastern Canada, which is a failed rift arm associated with the opening of the Iapetus
Ocean ca. 590-550 Ma (Kumarapeli, 1993) (Figure 1). In the southern part of the region, high radial anisotropy
anomalies are imaged in northwestern Pennsylvania near the Appalachian Front (A3), at the border of Virginia
and West Virginia near the Eocene volcanoes, and the Maryland and Delaware Atlantic coast in the southeast
corner of the study area. We mark the last two close anomalies as A4. Anomaly A3 correlates with a local weak
low-velocity anomaly at the uppermost mantle, and anomaly A4 is associated with the Central Appalachian
Anomaly (CAA) in the literature (Schmandt & Lin, 2014; Tao et al., 2021), which is right under the Eocene
volcanoes in northwestern Virginia (Figures 2 and 3).

Profiles AA’ and BB’, crossing over significant radial-anisotropy anomalies, roughly follow the well-known GM
hotspot track and the lesser-known CV hotspot track, respectively (Figure S12 in Supporting Information S1)
(Morgan, 1983; Miiller et al., 2022) (Movie S1). Radial anisotropy A3 and A4 are largely confined above 100 km,
while A2 extends beyond 150 km depth. The observed anisotropy can be explained as the result of plume-
lithosphere interaction. The lithosphere above the CV plume was heated up and became mechanically weak,
and the upward pushing of plume materials extended the lithosphere radially from the plume center, generating
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Figure 2. Maps of Vsv, radial anisotropy, and azimuthal anisotropy at selected depths. (a—c) Maps of shear wave velocity
superimposed by azimuthal anisotropy (black bars). (d—f) Maps of radial anisotropy (¢ — 1) superimposed by azimuthal
anisotropy. The bar length is proportional to the strength of azimuthal anisotropy; the bar orientation is the fast propagation
direction of the S wave. White diamonds are the kimberlite locations. Red lines mark the locations of the vertical profiles AA’
and BB’ shown in Figure 3. The dashed white circle marks the area of circular azimuthal anisotropy. A1-A4 mark positive
radial anisotropy regions.

Vg > Vsv anisotropy. In the plume head beneath the lithosphere, the horizontally outward flow produced

significant Vg > Vsv anisotropy as demonstrated in numerical modeling (Ito et al., 2014).

The Vgy > Vsv anisotropy contradicts the expected Vgy > Vg in the plume stem due to active upwelling flow.

However, the plume stem in the asthenosphere continuously experienced shear from regional flow after the place
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Figure 3. Vertical profiles of the anisotropic velocity model for AA’ (a) and (b) and BB’ (¢) and (d). (a) and (c) show velocity
(color) and azimuthal anisotropy (bars). (b) and (d) show radial anisotropy (¢ — 1) (color) and azimuthal anisotropy. The
bars are plotted in a map view, with the top for north and the right for east. Black lines in (a) and (c) mark the 4.55 km/s Vsv
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moved away from the deep plume, resulting in Vg > Vgy anisotropy. Such anisotropy is also observed under the
Hawaii hotspot track and the Afar and other African plumes (Kustowski et al., 2008; Panning & Romano-
wicz, 2006; Sicilia et al., 2008). In addition, Karato (2008) proposed that the Vg > Vgy anisotropy could be
caused by olivine A-type fabric due to the depletion of water in plume-fed materials through partial melting. The
water depletion also increases the viscosity of the plume-fed asthenosphere and helps preserve the anisotropy.

3.2. Azimuthal Anisotropy Structure

Azimuthal anisotropy shows substantial 3D variations in strength and fast direction (Figures 2, 3, S9, S11 in
Supporting Information S1). Our area of interest is the eastern Great Lakes region between the Appalachian and
the Grenville where the radial-anisotropy anomaly A2 is imaged. It is also at the center of the study area where
model resolution is high. Anisotropy at 40—100 km depths is complex, with fast directions varying in EW, NW-
SE, and NE-SW, which are mostly inconsistent with the Grenville and Appalachian orogenic belts. These
complex fast directions are also observed from SKS splitting data in this area (Fouch et al., 2000; Long
etal., 2016; Yang et al., 2017), suggesting the fabrics associated with the past orogenies have been overprinted by
later tectonic events.

A noticeable change in azimuthal anisotropy occurs at 100-140 km, revealing a circular pattern with weak
anisotropy at the center, coincident with the high radial anisotropy A2 in the eastern Great Lakes (Figures 2 and 3,
S9, and S11 in Supporting Information S1). Considering the last major tectonic event here is the CV plume
activity at ~215 Ma (Miiller et al., 2022), this circular azimuthal anisotropy could be formed in the plume head
due to circumferential stretching of the plume materials that flew radially outward from the plume stem (Druken
et al., 2013; Ito et al., 2014). The anisotropy could be preserved if the plume head became more viscous due to
cooling after the area moved away from the plume. Furthermore, the viscosity in the plume head could be
increased by the depletion of water through partial melting (Karato, 2008).

Alternatively, the circular azimuthal anisotropy could be formed more recently and produced by guided
asthenosphere flow in a lithosphere cavity. The present lithosphere-asthenosphere boundary (LAB) in the eastern
Great Lakes is not defined by receiver functions (Hopper & Fischer, 2018). The 4.55 km/s Vsv contour in
Figure 3c outlines a weak low-velocity layer across profile BB’. The top boundary of the layer is shallower under
anomaly A2, indicating a thinner lithosphere. The original thick Proterozoic lithosphere here may have been
delaminated due to thermal erosion or metasomatism by the CV plume, forming a cavity at the base of the
lithosphere. Regional asthenosphere flow could be guided by the curved boundary of the indented cavity, pro-
ducing this circular azimuthal anisotropy.

4. Discussion
4.1. The Hotspot Tracks in Northeastern America

Plate reconstructions show that the broad Great Lakes region passed over the CV hotspot at 300-200 Ma and the
GM hotspot at ~150 Ma (Morgan, 1983; Miiller et al., 2022) (Figure S12 in Supporting Information S1 and
Movie S1). The GM hotspot track has been well-mapped using NW-SE trending and southeast-younging Jurassic
kimberlites (Heaman et al., 2004; Heaman & Kjarsgaard, 2000) and early Cretaceous plutons from Quebec to
New England (McHone & Butler, 1984). This track follows the Ottawa-Bonnechere graben and reaches to the
New England seamounts (Figure 1). The GM hotspot has been frequently associated with geophysical obser-
vations, such as low-velocity anomalies in northeastern America (Eaton & Frederiksen, 2007; Li et al., 2003;
Pollitz & Mooney, 2016; Schmandt & Lin, 2014; Tao et al., 2021).

The kimberlites in Michigan, Pennsylvania, and New York (Figure 4a) also show a general southeast-younging
trend, with the oldest ages of 206 Ma at Lake Ellen in Michigan, intermediate ages of 185-175 Ma in Penn-
sylvania, and youngest ages of 146 Ma in Ithaca in New York. Their age progression suggests they are probably
related to the CV hotspot (Miiller et al., 2022). However, the nonlinear distribution of these kimberlites does not
explicitly indicate a hotspot track. Numerical simulations have shown that magmatism in continental settings
from a mantle plume is complex since the flow of plume materials is mainly controlled by the variations of
lithosphere structure (Duvernay et al., 2022). The 206 Ma kimberlite in Michigan and the 185 and 170 Ma
kimberlites in Pennsylvania generally agree with the CV hotspot track. The 147 Ma kimberlite in southern New
York is off the track and too young to be directly associated with the CV hotspot. It could be caused by small-scale
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Figure 4. The proposed CV hotspot track and mechanism for forming the Great Lakes from plume-lithosphere interaction. (a) The radial anisotropy map at 60—-80 km
depths (Figure 2d) showing the possible CV hotspot track outlined by the red dashed line (Miiller et al., 2022) and its correlation with radial anisotropy anomalies and
Kimberlite locations (yellow diamonds). The white dashed line indicates the GM hotspot track. (b) Cartoon showing the CV plume actively interacted with the
lithosphere in the eastern Great Lakes at 215 Ma, causing lithosphere thinning. Arrows indicate the plate motion and regional asthenosphere flow. (c) The current stage
of the lithosphere under the eastern Great Lakes, corresponding to the segment marked by two red lines on profile BB’ (Figure 3). The thinning of the lithosphere by the
CV plume activity caused the low topography of the region, leading to the formation of the Great Lakes by later glaciation.

mantle convection triggered by lithosphere thickness change caused by the plume interaction (Crough et al., 1980;
Kjarsgaard et al., 2017).

The CV hotspot track is quite complex according to the model by Miiller et al. (2022) (Figure S12 in Supporting
Information S1 and Movie S1). The hotspot was primarily under Lake Superior at 300-225 Ma when the su-
percontinent Pangea was almost stationary. From 225 to 205 Ma, the hotspot track followed the western boundary
of Lake Huron to Lake Erie. Then, the track headed southeastward across Pennsylvania and northern Virginia,
intersecting the coastline around 170 Ma. Unlike the GM hotspot, the CV hotspot track has not been associated
with geophysical observations, maybe because the CV hotspot was much older than the GM hotspot, and any
related thermal anomaly probably has dissipated over time. Interestingly, the imaged radial anisotropy anomalies
in the eastern Great Lakes region, central Pennsylvania, and northwestern Virginia (Figure 4a) are all on the CV
hotspot track. The deeply buried path of the ancient CV hotspot is revealed for the first time in our new anisotropic
velocity model.

4.2. New Insights Into Past Heating Events

Although Morgan (1983) proposed the CV hotspot track in the North American continent more than four decades
ago, its influence on local geology is rarely studied in the literature. Apatite fission track analysis and organic
maturity data (Cercone, 1984; Cercone & Pollack, 1991; Crowley, 1991) indicated a Late Paleozoic and Early
Triassic heating event in the Michigan Basin, a nearly circular region between Lake Michigan and Lake Huron,
which could be easily interpreted by the increase in heat flow. However, this interpretation was not favored
because the source of the excess heat from the basement was unknown (Cercone & Pollack, 1991; Crow-
ley, 1991). Instead, previous studies preferred other mechanisms, such as sediment burial. The presence of the CV
hotspot during 300-200 Ma in the Great Lakes region provides a simple explanation for the observed heating,
uplift, and erosion in the Michigan Basin from geological observations (Cercone, 1984; Cercone & Pollack, 1991;
Crowley, 1991).

The identified CV hotspot track also helps explain the central Appalachian low-velocity anomaly (CCA) in
northern Virginia and West Virginia, coincident with radial anisotropy anomaly A4 (Figure 2) (Chu et al., 2013;
Long, 2024; Long et al., 2021; Schmandt & Lin, 2014; Tao et al., 2021; Wagner et al., 2018). The CCA correlates
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with the youngest magma eruption of ~48 Ma in the eastern North American margin (Mazza et al., 2014, 2017)
(Figure 1). The origin of the CCA has been interpreted as a hidden hotspot track (Chu et al., 2013; Tao et al., 2021)
or as asthenospheric upwelling due to lithosphere delamination (Long et al., 2021; Mazza et al., 2014). The new
results of this study show that the CAA is on the CV hotspot track, which is different from the unknown hotspot
proposed in previous studies (Chu et al., 2013; Tao et al., 2021). However, the Eocene magma eruption cannot be
directly caused by the CV hotspot, which was under the region approximately 130 My earlier. They were more
likely caused by small-scale mantle convection due to lithosphere thickness variations caused by the CV plume
(King & Anderson, 1998; van Wijk et al., 2010). Furthermore, the connection between the CCA and the CV
hotspot track helps elucidate a paradox of similar isotopic signatures in Virginia Eocene volcanoes and the current
CV hotspot in the Atlantic Ocean (Figure 1) (Mazza et al., 2014) because the upper mantle beneath the CAA could
have been intruded by the CV plume materials during the Jurassic.

4.3. The Formation of the Great Lakes

The Great Lakes in North America are the largest group of freshwater lakes on Earth, and the processes that
produce such an enormous waterbody in the middle of a stable continent is a critical question for planetary
evolution. The origin of the Great Lakes has been mainly attributed to Quaternary glaciations when ice flow
scoured and eroded relatively weak rocks along preglacial bedrock valleys (Hough, 1958; Larson &
Schaetzl, 2001). The area before the Quaternary glaciations must have lower topography than its surroundings to
form the Great Lakes. However, there is no strong evidence for the proposed proto-Great Lakes valley systems
before the Quaternary glaciations (Larson & Schaetzl, 2001). Another possibility is the impact of the two failed
continental rift systems that exist in the vicinity of the Great Lakes, the ~1.1 Ga Midcontinent Rift (MCR), which
is a horseshoe-shaped band centered at Lake Superior (Stein et al., 2016, 2018), and the ~590 Ma Ottawa-
Bonnechere and Timiskaming Graben, which is a failed arm of the lapetus Ocean at (Kumarapeli, 1993)
(Figure 1). However, the lakes do not overlap with the rift arms, except for Lake Superior.

Our anisotropic model provides geophysical evidence for the CV mantle plume under the Great Lakes region,
agreeing with a recent plate reconstruction model (Miiller et al., 2022). Here we propose that the CV hotspot must
have played a fundamental role in setting the stage for developing the Great Lakes (Figure 4). The hotspot
interacted with the lithosphere at the Great Lakes region during 300-200 Ma, indicating the super-continent
Pangea was nearly stationary or moving very slowly at that time. A possible modern analogy is the slow-
moving African continent pinned by the Afar plume (Burke & Dewey, 1973), causing the continent to rupture
in three rifts and forming the Afar triple junction. Similarly, Lake Superior, Michigan, and Huron might be viewed
as three rifting arms above the ancient CV hotspot during its 100-My interaction with the North American
continent in the Great Lakes region. The relatively thin crust under Lake Huron and Michigan and the high-
velocity lower crust (Schmandt et al., 2015) provide evidence for plume-related crustal thinning and magmatic
underplating. The lithosphere, if defined by the top boundary of the low-velocity layer, is thinner under the eastern
Great Lakes than under the Appalachians (Figure 3c), confirming the influence of the CV plume.

The interaction between a mantle plume and a stable continent can produce extension, complex magmatic
intrusion, and variable surface uplift (Guillou-Frottier et al., 2007). Although the unmodified cratonic lithosphere
is unlikely to be disrupted by a single plume event, it can be thinned if the cratonic root has been modified by
fluid-melt metasomatism (Wang et al., 2015). For example, widespread lithosphere erosion is observed in the
cratons in Africa (Celli et al., 2020). Since the Great Lakes region partially overlaps the MCR, the lithosphere
must have been significantly weakened by the rifting event, making it susceptible to thermal erosion by the CV
plume, especially when the interaction is about 100 My long. After the Great Lakes lithosphere moved away from
the CV hotspot, the high-elevation region from plume buoyance would have continued to subside over hundreds
of millions of years. This subsidence, combined with the lower buoyancy of thinner crust with a more mafic
composition, would have caused portions of the region to stand lower. This proposed scenario is based on physical
conceptions, while accurate modeling of past plume-lithosphere interaction is beyond the scope of this study.
These low-lying regions initiated by the CV hotspot could have set the stage for the birth of the Great Lakes
during Quaternary glaciations. Thus, the Great Lakes probably demonstrate a powerful combination of deep Earth
and climate processes over long timescales.
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