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Abstract

Continental lithosphere is deformed, destroyed, or otherwise modified in
several ways. Processes that modify the lithosphere include subduction,
terrane accretion, orogenesis, rifting, volcanism/magmatism, lithospheric
loss or delamination, small-scale or edge-driven convection, and plume-
lithosphere interaction. The eastern North American margin (ENAM)
provides an exceptional locale to study this broad suite of processes, having
undergone multiple complete Wilson cycles of supercontinent formation
and dispersal, along with ∼200 Ma of postrift evolution. Moreover, recent
data collection efforts associated with EarthScope,GeoPRISMS, and related
projects have led to a wealth of new observations in eastern North America.
Here I highlight recent advances in our understanding of the structure of
the continental lithosphere beneath eastern North America and the pro-
cesses that have modified it through geologic time, with a focus on recent
geophysical imaging that has illuminated the lithosphere in unprecedented
detail.

■ Eastern North America experienced a range of processes that deform,
destroy, or modify continental lithosphere, providing new insights into
how lithosphere evolves through time.
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■ Subduction and terrane accretion, continental rifting, and postrift evolution have all played
a role in shaping lithospheric structure beneath eastern North America.

■ Relict structures from past tectonic events are well-preserved in ENAM lithosphere;
however, lithospheric modification that postdates the breakup of Pangea has also been
significant.

1. INTRODUCTION

Continental lithosphere is an essential component of Earth’s plate tectonic system and plays a key
role in stabilizing continental masses. While oceanic lithosphere forms, evolves, and is destroyed
on timescales on the order of 100 Ma, continental lithosphere is generally significantly older
(e.g., Pearson 1999, Carlson et al. 2005, Hawkesworth et al. 2017) and thicker (e.g., Artemieva
& Mooney 2001, Poupinet & Shapiro 2009, Fischer et al. 2020), with a different thermal struc-
ture (Rudnick et al. 1998). In contrast to the negatively buoyant oceanic lithosphere, continental
lithosphere may be close to neutrally buoyant overall ( Jordan 1978), with the compositional con-
tribution to buoyancy being positive (e.g., Lee 2003, Schutt &Lesher 2010).However, continental
lithosphere can still bemodified or destroyed via a suite of fundamental Earth processes.These po-
tentially include subduction, terrane accretion, orogenesis, continental rifting, magmatic activity,
lithospheric loss or delamination, small-scale or edge-driven convection, and plume-lithosphere
interaction.

While we have a general sense of the processes that maymodify, deform, or destroy continental
lithosphere, we do not yet understand them in detail, and there are several fundamental unsolved
problems related to lithospheric evolution. For example, how do lithospheric properties (e.g., rhe-
ology, composition, thermal history) affect how continents are modified, and to what extent does
this vary from place to place? Why is some continental lithosphere seemingly unmodified over
long stretches of geologic time, while some lithosphere has been modified relatively recently? To
what extent do past tectonic processes imprint themselves on the lithosphere? How long does
the imprint of past tectonic processes, where present, remain preserved? What are the relative
roles of various processes that modify continental lithosphere? What controls the susceptibil-
ity of lithosphere to modification through various mechanisms? How, and at what depth ranges,
does the lithosphere deform during tectonic episodes, and how does lithospheric rheology con-
trol this process? How well are the crust and the mantle lithosphere coupled during lithospheric
deformation?

The eastern margin of the North American continent, often abbreviated as ENAM or the
eastern North American margin (Figure 1a), represents an ideal locale to study the modification
of continental lithosphere in detail and to shed light on important unsolved problems related to
lithospheric evolution. This region has undergone two complete Wilson cycles of supercontinent
assembly and dispersal over the past ∼1.3 Ga, with the formation and subsequent breakup of the
Rodinia and Pangea supercontinents. It is likely that the full suite of processes that can modify the
structure of continental lithosphere has, in fact, affected eastern North America; it is therefore an
exceptional locale to study these processes and how theymay interact with or overprint each other.
Importantly, this region has also recently undergone an explosion in the availability of geophys-
ical (and other) data relevant to the structure and evolution of continental lithosphere, enabled
by the EarthScope and GeoPRISMS (Geodynamic Processes at Rifting and Subducting Margins)
initiatives. We now have geophysical images of ENAM lithosphere that are unprecedented, both
in their spatial resolution and in their geographic extent. Importantly, this geophysical imaging
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(a) Tectonic map of ENAM. The dashed orange line shows the approximate westward extent of the Grenville units; the dashed green
line shows the approximate boundary between the Laurentian and accreted Appalachian terranes. The dashed purple line shows the
approximate track of the GMHS (Kinney et al. 2021). Light orange patches indicate onshore Mesozoic rift basins ( Jourdan et al. 2009,
Withjack et al. 2012). Blue dashed lines indicate CAMP basaltic dikes, and gray patches indicate basalt sills or flows ( Jourdan et al.
2009). Panel adapted from Gao et al. (2020), with major lithotectonic boundaries from Hibbard et al. (2006). (b) Map of USArray
seismic TA stations (gray triangles) and magnetotelluric stations (white circles), along with broadband stations of the ENAM CSE (light
blue squares). Lines indicate approximate locations of dense linear arrays deployed in ENAM. Abbreviations: CAMP, Central Atlantic
Magmatic Province; CSE, Community Seismic Experiment; ENAM, eastern North American margin; GENESIS, GEology of New
England via Seismic Imaging Studies; GMHS, Great Meteor Hotspot; MAGIC, Mid-Atlantic Geophysical Integrative Collaboration;
NEST, New England Seismic Transects; SEISConn, Seismic Experiment for Imaging Structure beneath Connecticut; SESAME,
Southeastern Suture of the Appalachian Margin Experiment; SUGAR, SUwanee Suture and GA Rift basin; TA, Transportable Array.
Panel a adapted with permission from Gao et al. (2020).

can sometimes resolve features on the very short length scales that are relevant to understand-
ing lithospheric architecture in relation to geologic structures. This cutting-edge geophysical
imaging is complemented by new constraints from disciplines such as petrology, geochemistry,
geomorphology, and geodynamics.

The goals of this review are to use eastern North America as a window into the processes that
modify continental lithosphere and to highlight what we have learned about lithospheric evolu-
tion, modification, and deformation. I focus heavily on recent geophysical imaging results and
how they have been combined with insights from adjacent disciplines to gain new insights into
continental lithosphere evolution.A review of a topic this large cannot possibly hope to be compre-
hensive, and I do not provide a complete view of the vast literature on ENAM lithosphere. I refer
the reader to general overviews of continental lithosphere (e.g.,Artemieva 2011) and to other com-
pilations of results from eastern North America. In particular, the Canadian Lithoprobe project
has provided a wealth of important new knowledge about the continental lithosphere beneath the
Canadian portion of ENAM (e.g., Clowes 2011, Cook et al. 2012).
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2. MODES OF CONTINENTAL LITHOSPHERIC EVOLUTION,
MODIFICATION, AND DEFORMATION

Many processes have been suggested to modify the structure of the continental lithosphere in
different settings (Figure 2), most or all of which are relevant to ENAM. Subduction and related
effects such as volcanism, orogenesis, terrane accretion, and metasomatic alteration are among
the most important of these, and evidence for the effects of past subduction episodes on ENAM
lithosphere is abundant. Subduction leaves its mark on continental lithosphere through arc vol-
canism and/or plutonism, typically well expressed in the geologic record (e.g., Michelfelder et al.
2013). Subduction can deliver oceanic volcanic arcs, oceanic plateaus, or continental slivers or
ribbons onto the edges of existing continental lithosphere (e.g., Tetrault & Buiter 2012). This
process of terrane accretion acts to graft pieces of crust onto existing continental cores and is
well illustrated in the geologic record of many passive margins; modern examples also exist to-
day [e.g., in the Sunda-Banda arc (Miller et al. 2021)]. While subduction can deliver material to
existing continental lithosphere, it can also act to remove it through the process of erosive or
ablative subduction (e.g., Clift & Vannucchi 2004), particularly in flat-slab subduction settings
(Axen et al. 2018). Finally, subduction can act to cause metasomatism of overriding continental
lithosphere, particularly through the mechanism of flat-slab or low-angle subduction, deliver-
ing volatiles (e.g., Hiett et al. 2021) or enriching the lithosphere in silica (e.g., Wagner et al.
2008).

Another process that plays a key role in shaping continental lithospheric structure is conti-
nental collision and its associated effects, such as the development of extensive orogenic plateaus.
The classic and well-studied modern example is the Tibetan plateau (e.g., Schulte-Pelkum et al.
2005); in the geologic past, continental collision affected the ENAM lithosphere during the final
stages of the Grenville and Appalachian orogenies. Orogenesis produces extensive thickening of
the crust, as observed in modern settings (e.g., Zhang & Klemperer 2005); however, the corre-
sponding evolution of the mantle lithosphere remains poorly understood (e.g., Gray & Pysklywec
2012). The deep lithosphere may be thickened (due to wholesale shortening or accommodation
by a shear zone at the base of the overriding plate) or, alternatively, thinned via lithospheric
foundering (e.g., Ducea & Saleeby 1996); some combination of these processes may operate in
succession. In general, continental lithosphere is extensively deformed during collisional oroge-
nesis; this deformation often expresses itself in seismic anisotropy (e.g., Silver 1996, Zhang et al.
2022). Despite extensive study, however, the details of how deformation is accommodated during
continental collision, particularly in the deeper lithosphere, remain opaque. The amount of defor-
mation accommodated at different depths depends strongly on the lithospheric rheology, which
is imperfectly known (e.g., Warren & Hansen 2023).

Yet another fundamental tectonic process that modifies continental lithosphere is continental
rifting and extension.As with continental orogenesis, this is a process that is studied inmodern set-
tings [such as the East African Rift (e.g., Ebinger 2005,Kogan et al. 2012)] but has also left a record
in the structure of passive continental margins such as ENAM.Rifting can modify the lithosphere
via wholesale extension and thinning (e.g.,Withjack et al. 2020), but the competing roles of strain
localization versus widespread extension as modes of deformation remain imperfectly understood
(e.g., Davis & Kusznir 2004). Another major potential effect on lithospheric structure in a con-
tinental rift setting is that of upper mantle melting, volcanism, and emplacement of magmatic
products at depth; these processes may in turn act to cause metasomatism of preexisting litho-
sphere (e.g., Dawson & Smith 1988). Continental breakup in the geologic past is often associated
with widespread volcanism; one of the best-known examples is the Central Atlantic Magmatic
Province (CAMP), which accompanied the breakup of Pangea (e.g., Blackburn et al. 2013).
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Figure 2 (Figure appears on preceding page)

Schematic diagrams of various processes that can modify continental lithosphere. (a) Subduction, melt migration, volcanism, the
emplacement of magmatic products at depth in the overriding plate, and/or the removal of continental lithosphere via ablative
subduction. (b) A flat-slab subduction setting, in which lithosphere may be modified via metasomatism or lithospheric removal.
(c) Terrane accretion, in which arcs or continental slivers are delivered to the side of an existing continent. (d) Continental extension
during rifting. (e) The emplacement of mafic material at the base of the crust via the intrusion of magmatic material during extension
(or from any process that delivers melt to the base of the plate). ( f ) Plume-lithosphere interaction. (g) Gravity-driven lithospheric loss
via Rayleigh-Taylor instability. (h) Two possible modes of edge-driven convection. Panel b adapted from Gutscher (2018) with
permission from Springer Nature. Panel c adapted with permission from Karabinos et al. (2017). Panel e adapted from Thybo &
Artemieva (2013) (CC BY-NC-SA 3.0). Panel g adapted with permission from Long et al. (2021) (CC BY-NC-ND 4.0). Panel h
adapted with permission from Kaislaniemi & van Hunen (2014) (CC BY-NC-ND 3.0).

Dikes, sills, and lava flows associated with CAMP have been extensively documented through-
out ENAM (e.g., Withjack et al. 2012), but it remains unclear to what extent the deep crust and
mantle lithosphere have been modified by melt migration or by the emplacement of magmatic
products.

In addition to the fundamental plate tectonic processes of subduction, orogenesis, and rifting,
more exotic modes of lithospheric modification also exist. Examples include lithospheric delami-
nation, in which a piece of mantle lithosphere peels away from the material above it (Bird 1979),
or a more general category of gravity-driven lithospheric loss, in which cold and dense lithosphere
detaches from the material above it and sinks into the less dense mantle beneath (e.g., Harig et al.
2010, Pysklywec et al. 2010, Lee et al. 2011, Wang & Currie 2015). This style of lithospheric
foundering has been documented in many regions and tectonic settings, including within cratons
(Menzies et al. 2007,Dave & Li 2016, Liu et al. 2018,Chen et al. 2023) and in orogenic or subduc-
tion zone settings (e.g., Ducea & Saleeby 1996, Wang et al. 2021). Such lithospheric loss events
can be associated with upwelling return flow that generates melting and volcanism (e.g., Mazza
et al. 2014), providing a secondary mechanism for altering lithospheric structure.

Another class of models invokes edge-driven or other small-scale convection, perhaps driven
by a sharp lateral contrast between thick lithosphere beneath continental interiors and thinner
lithosphere beneath the continental edge (e.g., King & Anderson 1998, Kaislaniemi & van Hunen
2014,Menke et al. 2016). These mechanisms can modify lithospheric structure either through the
gravity-driven loss of lithospheric material as the downwelling limb of an edge-driven convection
cell or through the effect of upwelling return flow,which can potentially thin the lithosphere above
it and producemelting and volcanism (e.g.,Menke et al. 2016, 2018; Long et al. 2021).A somewhat
similar mechanism, known as shear-driven upwelling (Conrad et al. 2010), invokes asthenospheric
shear in the presence of lateral viscosity variations, potentially including topography at the base
of the continental lithosphere.

Finally, interactions between a mantle plume and an overlying continental plate can modify the
lithosphere (e.g., Ribe & Christensen 1994, Burov & Guillou-Frottier 2005, Wang et al. 2015).
Plumes can produce melt, and thus volcanism, in intraplate continental settings (sometimes in
large volumes, as with continental flood basalts). Typically, plume-related volcanism produces
a time-progressive track as the plate moves over the asthenosphere, although the spatiotempo-
ral progression may be less clear in continental settings than in oceanic ones (e.g., Kinney et al.
2021). In addition to the eruption of volcanic products at the surface, plume-associated volcan-
ism may also emplace magmatic products at depth, particularly in a flood basalt setting in which
magmatic volumes are large (e.g., Mittal et al. 2021). Plumes interacting with the base of the
continental lithosphere may also thin it via thermal ablation (e.g., Tao et al. 2021), and heating
from beneath may enable the release of trapped volatiles (e.g., Burgess et al. 2017, Broadley et al.
2018).
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3. NEW DATASETS FOR EASTERN NORTH AMERICA: EARTHSCOPE,
GEOPRISMS, AND RELATED PROJECTS

3.1. Recent Geophysical Data Collection and Multidisciplinary Projects

ENAM is distinguished among other passive continental margins by its wealth of new, high-
resolution geophysical datasets (Figure 1b), including the multiple components of EarthScope’s
USArray (2004–2021). The seismic stations of the temporary Transportable Array (TA) were de-
ployed for ∼24-month periods at ∼70-km station spacing, a station density that is particularly
effective for imaging structure at upper mantle depths. The magnetotelluric array deployed tem-
porary stations at roughly 70-km spacing, like the seismic TA, but deployed for periods of weeks
instead of years. The USArray Flexible Array (FA) provided instruments for temporary, principal
investigator–driven deployments to target specific regions of interest. Several FA experiments were
carried out in ENAM (Figure 1b), including SESAME (Southeastern Suture of the Appalachian
Margin Experiment) [broadband seismic (Parker et al. 2013)] and SUGAR (SUwanee Suture and
GA Rift basin) [active source seismic (Marzen et al. 2019)] in the southeastern United States,
MAGIC (Mid-Atlantic Geophysical Integrative Collaboration) [broadband seismic and magne-
totelluric (Long et al. 2020)] in the central Appalachians, and QMIII [broadband seismic (Levin
et al. 2017)] in the northeastern United States and southeastern Canada. Additional temporary
seismic experiments have also been carried out recently, including SEISConn (Seismic Experi-
ment for Imaging Structure beneath Connecticut) in southern New England (Long & Aragon
2020) and the ongoing NEST (New England Seismic Transects) and GENESIS (GEology of
New England via Seismic Imaging Studies) deployments in central New England (Long et al.
2022). Importantly, several of these experiments were part of multidisciplinary collaborations that
explicitly sought to combine geophysical imaging with constraints from other disciplines.

Complementary to the data-gathering efforts of the USArray program, ENAMwas selected as
a focus site for the Rifting Initiation and Evolution (RIE) effort of GeoPRISMS, a National Sci-
ence Foundation–funded decadal program (2010–2021). This included the major data-gathering
effort of the ENAM Community Seismic Experiment (CSE) (Lynner et al. 2019), an onshore-
offshore, multiscale seismic imaging project (Figure 1b). The components included a 33-station
array of broadband seismometers (mostly offshore), onshore and offshore wide-angle seismic pro-
files, and several marine multichannel seismic profiles. The ENAMCSE dataset represents one of
the only shoreline-crossing, multiscale seismic datasets available in a passive continental margin
setting (Lynner et al. 2019).

3.2. Regional Imaging of ENAM Lithosphere

Figure 3 shows four views of ENAM lithospheric structure based largely on USArray data. These
are S-wave velocities at a depth of 150 km from the tomographic model of Porter et al. (2016),
estimates of Moho depths derived from P-to-S receiver function (RF) analysis (Li et al. 2020,
2023), electrical conductivity values at a depth of 150 km from the model of Munch & Grayver
(2023), and lithospheric thickness estimates from theWINTERC-Gmodel of Fullea et al. (2021).
Taken together, these reveal intriguing lateral variations in lithospheric properties, including
marked contrasts between the continental interior and its edge and variability along the strike
of the margin. Seismic tomography (Porter et al. 2016) (Figure 3a) reveals high velocities in the
continental interior to the west, suggesting thick lithosphere, with generally lower velocities to
the east, implying thinner lithosphere. Two prominent low-velocity anomalies are visible in this
image, one centered beneath New England [the Northern Appalachian Anomaly or NAA (e.g.,
Menke et al. 2016)] and the other beneath the central Appalachians [the Central Appalachian
Anomaly or CAA (e.g., Wagner et al. 2018)]. Estimates of Moho depths derived from TA data
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Figure 3 (Figure appears on preceding page)

Regional-scale imaging of the eastern North American margin lithosphere. (a) Horizonal slice through an S-wave tomography model
(Porter et al. 2016) at a depth of 150 km. (b) Map of depth to Moho from Ps receiver function analysis. Panel adapted with permission
from Li et al. (2023). (c) Horizontal slice through an electrical conductivity model at a depth of 150 km. Panel adapted with permission
from Munch & Grayver (2023) (CC BY 4.0). (d) Map of lithospheric thickness estimates from the model of Fullea et al. (2021).

(Li et al. 2020) (Figure 3b) also reveal marked lateral variability, with significantly thicker crust
(∼45–50 km) in the west and a generally sharp transition to thinner crust (∼25–35 km) to the east.
The lateral transition in crustal thickness generally coincides with the transition from Laurentian
units to Appalachian accreted terranes (Li et al. 2018).

Imaging of electrical conductivity structure (Figure 3c) provides a view of lithospheric prop-
erties that contrasts somewhat with that provided by seismic tomography (Figure 3a). At a depth
of 150 km, the model of Munch & Grayver (2023) shows a region of relatively high conductivity
values in the western portion, perhaps corresponding to thin or altered (e.g., Evans et al. 2019)
continental lithosphere, with the eastern portion of the margin displaying significantly lower con-
ductivity values, which taken at face value would suggest thicker lithosphere (Murphy & Egbert
2017). This difference between the electrical and seismic views of the eastern North American
lithosphere represents an interesting puzzle (Murphy & Egbert 2019, Munch & Grayver 2023).
Estimates of lithospheric thickness from the global WINTERC-G model (Fullea et al. 2021)
(Figure 3d), which include constraints from surface wave dispersion as well as from gravity, topog-
raphy, and heat flow measurements, show a first-order difference between the thicker Laurentian
lithosphere to the west and thinner Appalachian lithosphere to the east.

Several studies have provided a comprehensive view of upper mantle anisotropy, as expressed
in SKS splitting measurements, beneath the ENAM margin (e.g., Long et al. 2016, Yang et al.
2017). SKS splitting beneath continents may reflect multiple contributions, including from the
lithospheric mantle (corresponding to frozen-in structure from past deformation) and from
the asthenosphere (due to present-day mantle flow). Figure 4 shows SKS splitting from Long
et al. (2016), who noted a first-order difference between the northern Appalachians, where mea-
surements seem to reflect a primary contribution from plate motion parallel shearing in the
asthenosphere, and the central and southern Appalachians, where fast directions often parallel
local geological features, particularly the strike of Appalachian terranes. Long et al. (2016) and
White-Gaynor & Nyblade (2017) both noted the striking rotation in fast splitting directions in
Pennsylvania, following the bend in the Appalachian orogen around the Pennsylvania salient, and
interpreted this observation as reflecting vertically coherent deformation of themantle lithosphere
during Appalachian orogenesis (Silver 1996), suggesting mechanical coupling between crust and
mantle.

4. SUBDUCTION, TERRANE ACCRETION, AND OROGENESIS
AS MODIFIERS OF ENAM LITHOSPHERE

4.1. History of Subduction and Terrane Accretion

ENAM has undergone two major subduction and orogenic cycles over the past ∼1.3 Ga, with the
Mesoproterozoic Grenville orogeny culminating in the formation of the Rodinia supercontinent
and the Paleozoic Appalachian orogeny culminating in the formation of Pangea.The western por-
tion of ENAM (Figure 1a) is made up of terranes of the Grenville orogenic belt (e.g.,Whitmeyer
& Karlstrom 2007, Swanson-Hysell et al. 2023). Here I use the term Laurentia to refer to the
units that compose what is now North America, prior to Paleozoic terrane accretion during the
Appalachian orogeny.
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Map of single-station average SKS splitting parameters at Transportable Array stations in eastern North
America. Parameters are plotted at station locations as a bar whose orientation is aligned with the fast
direction and length is scaled to the delay time (see scale at bottom right). Stations for which Long et al.
(2016) measured at least five null SKS arrivals, with no high-quality split arrivals, are shown with white
circles; other stations are shown with red circles. Figure adapted with permission from Long et al. (2016).

Appalachian orogenesis encompassed multiple phases, each of which involved terrane accre-
tion onto the edge of Laurentia but which varied significantly along the margin in terms of timing,
subduction polarity, topographic expression, and the nature of accreted terranes. The main phases
of Appalachian orogenesis were the Taconic (Ordovician), Acadian–Neoacadian (Late Devonian–
Early Mississippian), and Alleghanian (Late Mississippian–Permian) orogenies (Hatcher 2010).
The Taconic orogeny involved the accretion of peri-Gondwanan arc terranes, such as the More-
town terrane in New England (Macdonald et al. 2014), while the Acadian and Neoacadian
orogenies involved the accretion of the Carolina and Ganderia terranes (in the southern and cen-
tral Appalachians) and theGanderia, Avalon, andMeguma terranes (in the northern Appalachians)
(Hatcher 2010). During the Alleghanian orogeny, Gondwana collided with Laurentia to form
Pangea, whose assembly was complete by ∼270 Ma. While this general outline of Appalachian
tectonics is well understood, many of the details of these events remain obscure, including the po-
larity of some subduction episodes, the lateral extent of deformation, the controls on along-strike
variability, and the configuration of various terranes at depth. Furthermore, it is unclear to what
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extent incoming continental masses such as theCarolinia,Ganderia,Avalon, andMeguma terranes
were accreted with intact blocks of subcontinental lithospheric mantle. Did the lithospheric man-
tle that underlies the accreted Appalachian terranes today originate with the terranes themselves,
or were the crustal portions of these terranes overthrust onto Laurentian lithosphere? New views
of ENAM lithospheric structure have the potential to shed light on these unanswered questions.

4.2. Appalachian Versus Grenville Lithosphere: Distinct Lithospheric Histories?

Regional-scale seismic tomography (e.g., Porter et al. 2016,Boyce et al. 2019) suggests a first-order
difference between relatively thick lithosphere beneath the Laurentian continental core, including
beneath the Grenville Province, and relatively thin lithosphere beneath the Appalachian accreted
terranes (Figure 3). This pattern is also borne out in global lithospheric models (e.g., Priestly
et al. 2019, Fullea et al. 2021) and in RF studies; for example, Rychert et al. (2005) argued for
thin (∼90 km) lithosphere beneath Appalachian domains in the northeastern United States. A
continent-scale RF imaging study by Hopper & Fischer (2018) also argued for a shallow (∼60–
70 km) lithosphere–asthenosphere boundary (LAB) beneath the northeastern United States, with
a transition to thicker (∼150 km) lithosphere beneath Laurentia. Some regional studies have also
argued for a transition in lithospheric thickness from Laurentian to Appalachian domains; for
example,Goldhagen et al. (2022) used SpRF analysis to document a clear transition in lithospheric
structure across the Laurentian suture in southern New England.

What are the implications of this observation? It is likely that this contrast reflects differences
in the fundamental tectonic processes associated with the Grenville versus Appalachian oroge-
nies, differences in lithospheric rheology, or a combination of these effects. One possibility is that
the Appalachian lithosphere evolved differently during orogenesis than did its Grenville coun-
terpart; perhaps Appalachian lithosphere never thickened to the extent that Grenville lithosphere
did during continental collision. Another possibility is that the continental lithosphere that under-
lies Appalachian accreted terranes today might represent lithosphere that is, in fact, Laurentian
in origin. One plausible scenario is that the lithosphere at the edge of Laurentia was thinned by
extension and rifting during the breakup of Rodinia, and that Appalachian terrane accretion in-
volved the emplacement of crustal blocks on top of this thinned, extended lithosphere. A third
possible scenario is that Appalachian lithosphere was thinned either during Appalachian oroge-
nesis or after the assembly of Pangea, perhaps via the gravity-driven detachment of the mantle
lithospheric root (Levin et al. 2000, Whalen et al. 2015). Finally, Appalachian lithosphere may
have been thinned during extension and rifting associated with the breakup of Pangea.

4.3. Geophysical Signatures of Subduction and Accretion in Continental
Lithospheric Structure

An exciting development from recent geophysical imaging studies beneath ENAM has been the
clear identification of lithospheric structures linked to past episodes of subduction and terrane
accretion. These preserved structures allow us to study processes associated with past tectonic
events in detail and can sometimes provide specific tests of predictions made by competing models
of past tectonic episodes. Importantly, while many insights have come from regional-scale imaging
studies (Figure 3), others have come from dense deployments (Figure 1b) that have enabled
imaging of both the crust and the lithospheric mantle on the length scales that are relevant for
bedrock geological structures.

Evidence for wholesale modification of lithospheric structure via metasomatism during the
Grenville orogeny was presented by Boyce et al. (2019), whose absolute P-wave velocity model of
the easternNorth American upper mantle features particularly good resolution in eastern Canada.
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They note that despite the generally uniform thickness of Grenville lithosphere throughout the
margin, the mantle lithosphere displays substantially faster than average P-wave velocities to the
north beneathCanada, and slower than average to the south.However, S-wavemodels do not show
a similar pattern (e.g., Priestly et al. 2019). Boyce et al. (2019) explained these observations with
a model in which the composition of southern Grenville lithosphere was modified via metasoma-
tism and orthopyroxene enrichment (e.g., Wagner et al. 2008) during the protracted subduction
that accompanied the Grenville orogeny. They further hypothesized that the northern Grenville
lithosphere was protected from metasomatic alteration by the old, thick, and stable Archean cra-
tonic keel beneath this region. Metasomatic alteration of ENAM lithosphere was also explored
by Gao & Li (2021), who identified intralithospheric low-velocity layers that they attributed to
metasomatism.

While tomographic imaging beneath ENAM suggests wholesale, regional alteration of por-
tions of the mantle lithosphere, high-resolution converted wave imaging has yielded evidence for
localized lithospheric modification associated with terrane accretion or suturing. Hopper et al.
(2017) applied Sp RF imaging to data from the SESAME array in the southern Appalachians
(Figure 1b) and found evidence for a dipping mid-crustal interface (Figure 5) that they inter-
preted as the Alleghanian suture associated with the final phase of the Appalachian orogeny.
The style of continental collision during the final assembly of Pangea beneath the southern
Appalachians had been debated; however, Hopper et al. (2017) showed that collision must have
been nearly orthogonal to the margin, rather than oblique or transpressional. Another example
of a relict lithospheric structure from a past collisional orogen comes from the MAGIC array in
the central Appalachians; Long et al. (2019) used Ps RF imaging (Figure 5) to argue for a radially
anisotropic shear zone in the mid-crust beneath Ohio and West Virginia, which they interpreted
as corresponding to the crustal detachment of the Grenville deformation front.

Figure 5 compares images of crustal structures in the ENAM lithosphere due to Grenville
(Long et al. 2019) and Appalachian (Hopper et al. 2017) collision with an image of the main
Himalayan thrust (Schulte-Pelkum et al. 2005), the prime modern example of a continental
collision. The notable similarity in structure, with gently dipping shear zones shallowing into
nearly flat mid-crustal detachments, was noted in studies by Hopper et al. (2017) and Long
et al. (2019). Both studies pointed out the apparent persistence of similar styles of crustal de-
formation (and, by inference, similar crustal rheologies) in continental collisional settings over
∼1 Ga of Earth history. These images illuminate the processes through which crustal blocks
are amalgamated during continental collision, highlighting the importance of mid-crustal struc-
tures in localizing shear as crustal blocks are juxtaposed and subjected to shortening. It is far less
clear, however, how the underlying mantle lithosphere is affected during continental collisions
and whether strain localization acts similarly at mantle depths; this represents a key outstanding
question.

An exceptional example of structures preserved in continental lithosphere from past subduction
episodes comes from southern New England, where the SEISConn experiment (Figure 1b) was
deployed with ∼10-km station spacing, enabling high-resolution imaging of the crust and mantle
lithosphere.Figure 6 shows an image of the lithosphere beneath southernNewEngland, based on
common conversion point stacking of Ps RF traces (Luo et al. 2021). Of particular interest is how
the structures imaged in the lithosphere at depth relate to the terrane boundaries at the surface,
particularly the sutures between Laurentia and its adjacent terrane to the east (the Moretown
terrane, accreted during theTaconic orogeny) and the Avalon terrane (accreted during the Acadian
orogeny) and its adjacent terrane to the west (the Putnam-Nashoba terrane). A prominent, west-
dipping negative velocity gradient (NVG) in the mid-crust (#3 in Figure 6), whose shallowest
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Figure 5

Comparison of geophysical images of continental sutures in the lithosphere from ancient and modern collisional settings.
(a) Interpreted CCP Ps RF image of the inferred Grenville mid-crustal shear zone beneath Ohio from the MAGIC experiment
(Figure 1b). Panel adapted with permission from Long et al. (2019). (b) Interpreted CCP Sp RF image of the Alleghanian suture
beneath the southeastern United States from the SESAME experiment (Figure 1b). Panel adapted with permission from Hopper et al.
(2017). (c) Ps CCP RF image of the main Himalayan crustal detachment, representing a comparison with a modern orogen. Seismic
station names are at the top. Panel adapted from Schulte-Pelkum et al. (2005) with permission from Springer Nature. In each panel, the
solid black line indicates the Moho interface and the dashed black line highlights the likely mid-crustal shear zone. Colors indicate the
relative amplitude of the converted phases, as indicated by the color bars at right. Abbreviations: CCP, common conversion point;
MAGIC, Mid-Atlantic Geophysical Integrative Collaboration; RF, receiver function; SESAME, Southeastern Suture of the
Appalachian Margin Experiment. Figure by Scott King.

point corresponds approximately to the surface expression of the Avalon suture, was interpreted
as a possible crustal shear zone associated with Avalon accretion. A deeper west-dipping NVG
in the upper mantle (#5 in Figure 6), which is also evident in wavefield migration imaging (Luo
et al. 2022), likely reflects a relict slabMoho interface from a past subduction episode lodged in the
high-viscosity lithosphere (Luo et al. 2021). Luo et al. (2021) hypothesized that this subduction
event may have been associated with the final stage of Pangea assembly during the Alleghanian
orogeny, suggesting west-dipping subduction.
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Image of the lithosphere beneath southern New England from the SEISConn project (Figure 1b), derived from Ps receiver function
analysis. The block diagram shows the Ps common conversion point image beneath bedrock geologic features (modified after Hibbard
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negative velocity gradient; PVG, positive velocity gradient; SEISConn, Seismic Experiment for Imaging Structure beneath
Connecticut. Figure adapted with permission from Luo et al. (2021).

Another prominent feature of the southern New England lithosphere is the transition from
thick crust (∼42 km) beneath Laurentia to thin crust (∼28 km, gradually thickening to ∼32 km
to the east) beneath Appalachian terranes (Figure 6). This sharp transition from thick Laurentian
to thin Appalachian crust was noted by Li et al. (2018, 2020), who posited the existence of a step
in the Moho at the edge of Laurentia beneath southern New England and extending as far
south as Pennsylvania. With the substantially denser station spacing of SEISConn (∼10 km
as opposed to ∼70 km for the TA stations), Luo et al. (2021, 2022) were able to image this
transition from Laurentian to Appalachian crust as an overthrust-type structure (Figure 6), with
overlapping shallow and deep interfaces, rather than a true vertical step. Masis Arce & Long
(2023) recently found evidence for a very similar Moho geometry beneath stations of the NEST
array in northwestern Massachusetts. Hillenbrand et al. (2021) and Hillenbrand & Williams
(2021) suggested that the Moho step beneath southern New England may have formed due to the
rise and subsequent collapse of an orogenic plateau (the so-called Acadian Altiplano) associated
with the Acadian orogeny. In this model, the Laurentian crust acted like a buttress during Acadian
compression (Wintsch et al. 2014), with presumably weaker Appalachian crust undergoing short-
ening and thickening. Luo et al. (2023a) generally supported this interpretation, also invoking
significant Acadian compression and shortening as a mechanism for forming the distinctive
Moho offset. However, they pointed out that movement on reactivated thrust faults (Taconic
or earlier) at depth in the crust may have been necessary to form the distinctive overthrust-like
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geometry (Figure 6). The models of Hillenbrand et al. (2021) and Luo et al. (2023a) highlight the
importance of orogenic processes, rather than the simple juxtaposition of blocks with preexisting
differences in crustal thickness, in shaping crustal structure beneath ENAM.

Luo et al. (2023a) compared the geometry of the Laurentian-Appalachian crustal transition
beneath the SEISConn line to that beneath the MAGIC line in the central Appalachians and the
SESAME lines in the southern Appalachians (Figure 1b), using a scattered wave migration imag-
ing approach. They found that while a lateral transition in crustal thickness is present throughout
the margin, this transition is gradual beneath the central and southern Appalachians and is only
sharp beneath southern New England. This finding mirrors the well-known along-strike differ-
ences in the timing and style of Appalachian orogenic and terrane accretion events (e.g., Hatcher
2010) and highlights the importance of past subduction and terrane accretion as processes that
control the crustal structure of the ENAM passive margin. Importantly, Luo et al. (2023a) docu-
mented a lack of striking differences in depth to Moho beneath individual Appalachian terranes,
despite their different formation and accretionary history. It is likely that multiple episodes of sub-
duction and terrane accretion, and/or later extension during continental breakup, played a role in
smoothing out any preexisting differences in crustal thickness across adjacent terranes that were
juxtaposed during Appalachian orogenesis.

4.4. Crustal Deformation During Terrane Accretion and Orogenesis

Recently obtained constraints on crustal anisotropy from dense arrays have yielded exciting new
insights into crustal deformation during terrane accretion and orogenesis. High-resolution imag-
ing of crustal anisotropy using RF analysis, and its interpretation in terms of past or ongoing
crustal deformation, is a frontier area (e.g., Schulte-Pelkum&Mahan 2014, Brownlee et al. 2017).
Frothingham et al. (2022) used data from the SESAME array (Figure 1b) to identify an anisotropic
interface within the crust at ∼5–10 km depth beneath the southern Appalachians, corresponding
to the Appalachian décollement. They noted a systematic offset between the inferred geometry of
anisotropy at depth and the tectonic grain at the surface, evidence for crustal deformation oblique
to the overlying structural fabric. This work demonstrates the power of crustal anisotropy obser-
vations as a tool for understanding the kinematics of past tectonic events in collisional orogens
and, more generally, as a tool for gaining insights into the geometry and extent of deformation at
different depth ranges in the crust.Luo et al. (2023b) carried out a similar study in the northern Ap-
palachians using stations from SEISConn (Figure 1b) and identified multiple robust intracrustal
interfaces that involve contrasts in anisotropic structure. They argued for an anisotropic layer
within the crust that reflects crustal deformation and shortening during Appalachian terrane accre-
tion, and another, deeper crustal layer that may reflect orogen-parallel ductile flow of mid-crustal
rocks during the collapse of the hypothesized Acadian altiplano (Hillenbrand et al. 2021).

5. EFFECTS OF RIFTING ON ENAM LITHOSPHERE: MAGMATISM
AND LITHOSPHERIC THINNING

5.1. History of Rifting, Extension, and CAMP Emplacement

Roughly 30–40 Myr after the final assembly of Pangea at ∼270 Ma, a continental rift zone was
established (e.g., Withjack et al. 2020), evidence of which is preserved today in ENAM as a series
of rift basins. Rifting was accompanied by the emplacement of CAMP (e.g.,Holbrook &Kelemen
1993, Blackburn et al. 2013), a large igneous province (LIP) that was emplaced over a period of
less than one million years at 201 Ma. It is the most aerially extensive LIP on Earth and one of
the largest in terms of the volume of magma produced (e.g., Marzoli et al. 1999, Blackburn et al.
2013). CAMP emplacement postdates the onset of rifting in ENAM but predates the breakup
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of Pangea and the rift-drift transition, which was complete by ∼180 Ma (e.g., Withjack et al.
2012, 2020; Frizon de Lamotte et al. 2015). CAMP expresses itself as a series of basalt dikes, sills,
and flows; the flows are generally colocated with the onshore rift basins and are often interbedded
with sedimentary rift strata ( Jourdan et al. 2009) (Figure 1a). Much of ENAM exhibits so-called
seaward-dipping reflectors (SDRs) (e.g., Benson 2003) at the continent-ocean boundary; these
features are thought to be volcanic in origin, formed during the transition from continental rift-
ing to true seafloor spreading. In the northernmost part of ENAM, however, SDRs are absent,
indicating magma-poor rifting (e.g., Withjack et al. 2020).

5.2. Modification of Continental Lithosphere
from Rifting-Associated Magmatism

A key recent finding is evidence for the modification of lithospheric structure (particularly the
mid-to-lower crust) via the emplacement of CAMP magmatic products and the spatial correla-
tion between thesemodified areas and sedimentary rift basins.Marzen et al. (2019, 2020) processed
data from the SUGAR wide-angle seismic reflection/refraction experiment in the South Georgia
Basin (Figure 1b), providing detailed images of its deep structure. Marzen et al. (2020) identi-
fied regions of particularly fast lower crust (Vp > 7.0 km/s) beneath the rift basin and interpreted
them as evidence for magmatic addition of mafic material (e.g., Thybo & Artemieva 2013) during
CAMP emplacement (Figure 7a). Strikingly, the magmatic additions are relatively modest in vol-
ume and are localized to portions of the basin with the most crustal thinning and thickest syn-rift
sediments.Marzen et al. (2020) noted the contrast between the widespread distribution of CAMP
dikes throughout ENAM at the surface and the localized nature of lower crustal magmatic intru-
sions in the South Georgia Basin. They found the spatial correlation between the mafic intrusions
and the rift basin itself somewhat surprising, given that CAMP magmas were emplaced after, and
not during, the formation of the rift; this suggests a relationship between lithospheric thinning
during rifting and extension and later magmatic emplacement.

Gao et al. (2020) applied a different type of data analysis to theHartford Basin in southernNew
England to reach a similar conclusion to that of Marzen et al. (2020). They used data from the
SEISConn experiment (Figure 1b) to generate a tomographic model of crustal shear velocities
based on ambient seismic noise (Figure 7b). They identified a region of particularly fast veloci-
ties in the mid-to-lower crust beneath the Hartford Basin, corresponding spatially to the thinnest
crust beneath the SEISConn transect. They concluded that, like the South Georgia Basin, the
Hartford Basin experienced lower crustal modification via the emplacement of mafic intrusions
during CAMP magmatism, with modification localized to the crust beneath the basin itself. A
somewhat puzzling conundrum in southern New England, pointed out by van Staal & Zagorevski
(2023), is the fact that while there is evidence for CAMPmagmatism locally altering the structure
of the lower crust beneath the Hartford Basin (Gao et al. 2020), there is no evidence that rifting-
associated processes have overprinted the signature of Appalachian processes in the lithosphere
(Luo et al. 2021). Strikingly, Appalachian structures such as crustal shear zones, relict slab inter-
faces, and theMoho overthrust beneath the edge of Laurentia remain preserved in the lithosphere
today (Luo et al. 2021, 2022), despite the magmatic emplacement that accompanied rifting (Gao
et al. 2020).

Taken together, these studies suggest that CAMP intrusions in the lower crust beneath ENAM
are localized beneath sedimentary rift basins, implying that rifting, extension, and lithospheric
thinning played an important role in focusing upwelling andmelt generation during LIP emplace-
ment (e.g.,White &McKenzie 1995). A different view of the extent to which CAMP magmatism
modified the lithosphere comes from the work of Murphy & Egbert (2017, 2019). They identified
a highly electrically resistive feature in the upper mantle beneath the southeastern United States,
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Examples of lithospheric modification via CAMP volcanism. (a) P-wave velocity model beneath the western SUGAR line (Figure 1b).
Colors and labeled contours indicate P velocity values, with the inferred magmatic intrusions indicated. Panel adapted with permission
from Marzen et al. (2020) (CC BY 4.0). (b) S-wave velocity model beneath the SEISConn line (Figure 1b). Colors indicate S velocity
values; the white line indicates the location of the Moho as inferred from receiver function analysis (Luo et al. 2021). Panel adapted
with permission from Gao et al. (2020). Abbreviations: CAMP, Central Atlantic Magmatic Province; SEISConn, Seismic Experiment
for Imaging Structure beneath Connecticut; SUGAR, SUwanee Suture and GA Rift basin.

also visible in other models of mantle conductivity structure (Figure 3c), corresponding to a
region with extensive CAMP dikes (Figure 1a). They interpreted this as evidence for thick
(>200 km) lithosphere beneath this portion of the ENAM margin; as discussed above, this view
contrasts with the prevailing interpretation of seismic tomography images (Figure 3). Murphy &
Egbert (2017, 2019) proposed that this electrical feature represents a regrown lithospheric root
that postdates a major lithospheric loss event across ENAM that prompted the generation of
CAMPmagmatism (Whalen et al. 2015). In this view of CAMP generation,melting was triggered
not by a mantle plume but by widespread mantle upwelling that resulted from a pan-Appalachian
lithospheric delamination event (Whalen et al. 2015; see also Biryol et al. 2016). In the model of
Murphy & Egbert (2017, 2019), CAMP played a major role in the wholesale modification (via
loss and regrowth) of mantle lithosphere beneath the southeastern United States, rather than
playing a more minor and localized role (Gao et al. 2020, Marzen et al. 2020). Eilon et al. (2023)
also postulated that CAMP may have modified lithospheric structure beneath the southeastern
United States, noting the geographical coincidence between relatively slow average lithospheric
velocities in their tomographic model and the distribution of CAMP dikes at the surface.
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5.3. Modification of Lithosphere via Extension and Thinning During
Continental Breakup

Continent-scale imaging (e.g., Porter et al. 2016, Boyce et al. 2019, Fullea et al. 2021) suggests
generally thicker lithosphere beneath Laurentia and generally thinner lithosphere beneath Ap-
palachian terranes [although some aspects of electrical conductivity models are not obviously
consistent with that view (e.g., Murphy & Egbert 2017)]. An important question is to what extent
the apparently thinner Appalachian crust and mantle lithosphere (Figure 3) represent wholesale
thinning via extension during continental breakup.This would provide a straightforward explana-
tion for thinner lithosphere beneath easternmost North America; however, it is not obvious how
extensional deformation might partition between the crust and mantle lithosphere. Some model-
ing studies suggest that while crust may undergo wholesale thinning during extension associated
with continental breakup, extensional deformation in the mantle may be localized to shear zones
(e.g., Harry & Sawyer 1992,Withjack et al. 2020). Of course, the distribution of extensional strain
throughout the lithosphere depends strongly on the rheological structure, which is imperfectly
known (e.g., Warren & Hansen 2023) and which may vary laterally.

Important new constraints on the extent of lithospheric alteration via extension and rifting, and
the nature of lithospheric modification during the rift-to-drift transition, have come from imaging
results based on the onshore-offshore ENAMCSE (Figure 1b) using a range of analysis methods
(Lynner & Porritt 2017, Shuck et al. 2019, Brunsvik et al. 2021, Li &Gao 2021,Russell &Gaherty
2021). Russell &Gaherty (2021) identified a low-velocity lid in the uppermost mantle beneath the
offshore region and interpreted this feature as stretched, extended continental mantle lithosphere.
Both Lynner & Porritt (2017) and Li & Gao (2021) imaged the transition from continental crust
to oceanic crust across the passive margin, finding evidence for a region of modified, transitional
crust that was likely underplated by dense magmatic material.

Observations of mantle lithospheric anisotropy beneath the eastern portion of ENAMmay po-
tentially record deformation due to extension and thinning, if the amount of strain was sufficient to
overprint any existing fabric resulting from prior tectonic processes. Based on the inversion of SKS
splitting observations (Lynner & Bodmer 2017), Brunsvik et al. (2021) argued that the continental
mantle lithosphere in the ENAM CSE region exhibits azimuthal anisotropy with a margin-
perpendicular fast direction that records the direction of extension during Pangea breakup; in
contrast, the deeper asthenosphericmantle exhibits amargin-parallel signature.Russell &Gaherty
(2021), however, argued for a margin-parallel fast anisotropy direction in the lithosphere and sug-
gested that anisotropy is controlled not by paleoextension but by absolute plate motion at the time
of plate formation.Aragon et al. (2017),who analyzed SKS splitting beneath theMAGIC array, hy-
pothesized that the nearly E-W fast splitting directions observed at stations east of the Appalachian
Mountains might reflect lithospheric anisotropy due to extension during Pangea breakup.

6. POSTRIFT MODIFICATION OF ENAM LITHOSPHERE:
LITHOSPHERIC LOSS, SMALL-SCALE CONVECTION,
AND PLUME INTERACTIONS

6.1. Postrift History of ENAM: Volcanism and Topographic Rejuvenation

ENAM exhibits abundant evidence for lithospheric modification that postdates its last major tec-
tonic event, the breakup of Pangea. It therefore presents a fascinating case study for lithospheric
modification that is unrelated to classical plate tectonic processes such as subduction and rifting.
Several aspects of ENAM’s behavior and evolution have led authors to jokingly refer to it as a
passive-aggressive margin, including its relatively abundant seismicity (Wolin et al. 2012) and its
rich history of intraplate volcanism (Mazza et al. 2017).
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ENAM has exhibited widespread intraplate magmatic activity (Mazza et al. 2017) (Figure 8).
This history encompasses the White Mountain magma series (WMMS) in central New England
just after Pangea breakup, pulses of magmatism during the Jurassic and Eocene in the central
Appalachians, kimberlite eruptions in New York around 145 Ma, and the New England-Québec
Igneous Province around 125Ma.Kinney et al. (2022) presented high-precision dates forWMMS
plutons, showing that some magmatic activity in the White Mountains actually predates CAMP
and that the main phase ofWMMSmagmatism was emplaced over a relatively short time frame of
∼20Ma.Kinney et al. (2021) obtained high-precision dates for units of the New England-Québec
Igneous Province, associated with the Great Meteor Hotspot (GMHS), and showed that the spa-
tiotemporal progression on land is substantially less clear than for the New England Seamounts,
thought to represent their offshore continuation. The anomalous Eocene volcanism (∼48 Ma) in
the central Appalachians was studied in detail by Mazza et al. (2014). The expression of this vol-
canic swarm, consisting of dikes and volcanic necks (Figure 8), is colocated with the earlier pulse
of magmatic activity during the Jurassic (∼150 Ma) (Mazza et al. 2017). There is little evidence
for a time-progressive plume track associated with the central Appalachian intraplate volcanism,
in contrast to the GMHS track in New England [although some have argued otherwise (Chu et al.
2013)].

ENAM also has a substantial history of topographic rejuvenation that may point to litho-
spheric modification at depth driving episodes of increased uplift. Pazzaglia & Brandon (1996)
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documented multiple postrifting episodes of increased sedimentation offshore of the central and
northern Appalachians, implying temporarily faster erosion rates. Miller et al. (2013) estimated
erosion rates in the central Appalachians through the application of stream profile analysis,
applying a model calibrated with cosmogenic nuclide dates that explicitly accounts for lateral
variability in rock erodibility. They argued for a period of recent (Neogene) rejuvenation of
central Appalachian topography, perhaps linked to changes in mantle dynamics; any dynamic
contribution to topography would be mediated by lithospheric structure (e.g., Moucha et al.
2008). Amidon et al. (2016) identified a period of accelerated erosion in the White Mountains of
New England between ∼65 and 85 Ma, noting its temporal coincidence with a pulse of increased
offshore sedimentation in the Baltimore Canyon Trough.

This postrifting magmatic activity and episodes of topographic rejuvenation suggest modifica-
tion of ENAM lithosphere over the past 200Ma, with New England and the central Appalachians
being particularly relevant. Intriguingly, both areas are associated with significant present-day
geophysical anomalies in the upper mantle (the NAA and CAA, respectively). Both regions pro-
vide fascinating windows into lithospheric modification via nonplate tectonic processes such as
gravity-driven lithospheric loss, edge-driven convection, and plume-lithosphere interaction.

6.2. The Central Appalachian Anomaly: Episodic Lithospheric
Loss Beneath ENAM

Long et al. (2021) evaluated models for lithospheric loss by synthesizing a full suite of con-
straints from the CAA region, including seismic and electromagnetic imaging (much of it from the
MAGIC experiment), petrologic and geochemical measurements, and geomorphologic analysis.
These included thermobarometric estimates of the depths and temperatures at which the Eocene
melts were produced (Mazza et al. 2014), which argue for relatively shallow (∼75–80 km) melting
at a temperature (∼1,410°C) that is only slightly higher than is usual for decompression melting
beneath a mid-ocean ridge. The geochemical signature of Eocene magmas was found to be typ-
ical of normal sub-Atlantic mantle, inconsistent with a mantle plume (Mazza et al. 2014). Long
et al. (2021) also extended the channel steepness modeling of Miller et al. (2013) to understand
spatial patterns in present-day erosion rates throughout the central and southern Appalachians,
identifying a region of faster erosion that coincides spatially with the upper mantle anomaly.

The CAA is very well imaged by geophysical methods, including a combination of seismic
tomography (e.g., Wagner et al. 2018), seismic attenuation measurements (Byrnes et al. 2019),
and magnetotelluric observations combined with RF measurements (Evans et al. 2019). Figure 9
shows a selection of geophysical images of the CAA from Long et al. (2021). There are multiple
lines of evidence that the continental lithosphere in the CAA region is thin, with a total litho-
spheric thickness of ∼70–90 km (of which ∼50 km is crust) (Long et al. 2019). Long et al. (2021)
tested the predictions of several models for lithospheric evolution in the CAA region, including
a gravity-driven lithospheric loss model, against the full suite of observational constraints. Their
preferred model invokes a lithospheric loss event during the Eocene (Mazza et al. 2014), result-
ing in upwelling return flow, melting, and volcanism (Figure 9). Ongoing processes in the upper
mantle have allowed for the thin lithosphere to be maintained since the Eocene; small-scale con-
vection and/or shear-driven upwellings likely play a role. Long et al. (2021) further hypothesized
that gravity-driven lithospheric loss beneath the central Appalachians may be episodic, with an
earlier occurrence during the Jurassic.

Joint interpretation of P- and S-wave travel times, seismic attenuation measurements (Byrnes
et al. 2019), and electrical conductivity values (Evans et al. 2019) in the CAA region by Mittal
et al. (2023) yielded evidence for ∼1–2% partial melt in the uppermost mantle; however, there is
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Imaging results, and corresponding interpretation, of the CAA. (a) Map of the MAGIC study area (Figure 1b), with MAGIC station
locations (white diamonds), locations of Jurassic (blue triangles) and Eocene (red triangles) volcanism, topography (background colors), and
the profile location (black dotted line). (b) Cross section of the S-wave velocity model of Porter et al. (2016) along the profile, along with
inferred LAB (black diamonds) from Sp RF analysis (Evans et al. 2019), Moho (purple diamonds) from Ps RF analysis (Long et al. 2019),
MLD from Sp RF analysis (yellow diamonds), topography (brown line at top), seismic attenuation as expressed in t∗ measurements (red line
at top) from Byrnes et al. (2019), and locations of volcanics (as in panel a). (c) Same as panel b but with the velocity model of Wagner
et al. (2018). (d) Same as panel c but with the electrical conductivity model of Evans et al. (2019); color scale is as shown in legend at
bottom. (e) Schematic interpretation of the Eocene lithospheric loss event, subsequent upwelling and magmatism, and the present-day
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no present-day volcanic activity. They hypothesized that the tectonic stress field may control the
degree of melt accumulating beneath the continental LAB to migrate through the lithosphere,
suggesting that the timescales and processes for lithospheric modification via melt migration may
be controlled by the lithospheric stress state.

A key outstanding question is how general the processes of lithospheric loss and evolution that
have operated in the central Appalachians might be. Do these processes operate broadly beneath
passive continental margins and thus play a major role in the evolution of continental lithosphere
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in such settings? This represents an important unsolved problem, and understanding whether we
can see evidence for similar lithospheric evolution in other passive margin settings is an important
future direction.

6.3. The Northern Appalachian Anomaly: Plume Interactions
and Small-Scale Convection

In most tomography models, the NAA manifests as a somewhat larger (radius of ∼100 km at a
depth of 200 km) and stronger anomaly than the CAA (e.g., Schmandt & Lin 2014). The NAA is
also associated with high attenuation in the upper mantle (e.g., Dong & Menke 2017, Yassminh
et al. 2020). There are several indications that the continental lithosphere beneath the NAA is
thin compared to elsewhere in ENAM, although estimates vary widely (ranging between 60 and
125 km in its central portion) (Rychert et al. 2005,Hopper & Fischer 2018, Levin et al. 2023). The
model of Fullea et al. (2021) (Figure 3d) suggests lithospheric thickness values as low as ∼85 km
beneath central New England. Levin et al. (2023) jointly evaluated the Fullea et al. (2021) model
and RF observations in New England and argued for a lithospheric thickness of ∼100–125 km
in the NAA region. Estimates based on Sp RFs (Hopper & Fischer 2018, Menke et al. 2018) are
considerably smaller (as thin as ∼60 km). Preliminary Ps RF results by Espinal et al. (2022) for
the ongoing NEST deployment in New England identified a robust negative velocity gradient at
∼60–80 km throughout the NAA region, which may represent the base of the lithosphere.

Menke et al. (2016) used body wave travel time residuals to argue for a primarily thermal ori-
gin for the NAA, with neither compositional variations nor the presence of partial melt required.
They proposed that the NAA corresponds to the upwelling limb of an edge-driven convection
cell, with the downwelling limb presumably located to the west, at the eastern edge of the North
American craton.Dong &Menke (2017) found evidence for strong attenuation beneath the NAA,
which they argued could be explained via thermal effects, without needing to invoke the presence
of partial melt (in contrast to arguments for the CAA) (Mittal et al. 2023).Menke et al. (2018) sug-
gested that there has been localized thinning and alteration of the lithosphere in the NAA region,
due to the upwelling associated with edge-driven convection; they noted the presence of warm
springs in New England as evidence for lithospheric heating. Interestingly, Menke et al. (2018)
attributed this lithospheric thinning to a bottom-up process (lithospheric ablation and heating
from below), rather than the gravity-driven lithospheric loss that Mazza et al. (2014) and Long
et al. (2021) invoked as an explanation for the CAA.

Levin et al. (2018) examined upper mantle anisotropy beneath theNAA and noted the presence
of weak SKS splitting in the central portion of the anomaly (Figure 10a). They suggested that
the asthenospheric upper mantle beneath the central part of the NAA is dominated by vertical
upwelling flow (resulting in vertical alignment of fast olivine a axes), consistent with the notion of
edge-driven convection suggested by Menke et al. (2016). Later SKS splitting measurements by
Li et al. (2019) and Lopes et al. (2020) showed that the zone of weak splitting identified by Levin
et al. (2018) was more regionally extensive than initially thought, roughly colocated with the NAA
itself at a depth of 200 km in the upper mantle.

Given the NAA region’s extensive history of postrifting volcanic and magmatic activity
(Figure 8), it is plausible that the NAA lithosphere was thinned and/or modified by the em-
placement of magmatic products during hotspot passage at roughly 120–130 Ma (e.g., Tao et al.
2021). This early episode of lithospheric modification due to plume-lithosphere interaction may
well have set the stage for later thinning, perhaps due to small-scale or edge-driven convection
(Menke et al. 2016, 2018; Dong & Menke 2017) or shear-driven upwelling (Conrad et al. 2010).
Ongoing upwelling of hot asthenosphere today may be continuing to thin the lithosphere via
thermal ablation. Future detailed geophysical imaging of the NAA, along with cross-disciplinary
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integration and synthesis, will be key to understanding modes of lithospheric alteration in the
NAA region and their similarities and differences with other portions of ENAM, particularly the
CAA.Ongoing data collection inNewEngland associated with theNEST experiment (Long et al.
2022) will enable imaging of lithospheric structures with resolution comparable to that obtained
with MAGIC data for the CAA.

SUMMARY POINTS

■ Eastern North America represents a classic passive margin setting, with two Wilson
cycles of supercontinent formation and breakup followed by 200 Ma of postrift evo-
lution and episodic intraplate volcanism. It represents an exceptional locale to study the
evolution of continental lithosphere.

■ A range of processes have shaped lithospheric structure beneath the eastern North
American margin (ENAM), including subduction, terrane accretion, orogenesis, rifting
and extension, magmatism, lithospheric loss or delamination, small-scale or edge-driven
convection, and plume-lithosphere interaction.
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■ There is a first-order difference in lithospheric structure (both crust andmantle) between
Grenville and Appalachian terranes in ENAM, highlighting their different evolutionary
trajectories and the likely role of lithospheric thinning due to extension and/or gravity-
driven lithospheric loss.

■ There is abundant evidence for the preservation of structures associated with past
episodes of subduction and terrane accretion in the continental lithosphere associated
with both Grenville and Appalachian orogenesis. These include widespread metasomatic
alteration, shear zones associated with major terrane sutures, relict slab Moho interfaces
from past subduction episodes, and anisotropic layers that preserve information about
past deformation.

■ ENAM lithosphere was modified by Pangea breakup and Central Atlantic Magmatic
Province (CAMP) magmatism. The deep crust beneath Mesozoic rift basins has been
modified via the emplacement of mafic magmatic products during extension. There is
some evidence for widespread lithospheric thinning and alteration during rifting, but
these effects remain imperfectly understood.

■ Since the breakup of Pangea,ENAMcontinental lithosphere has been substantially mod-
ified in the central Appalachian and New England regions. The Central Appalachian
Anomaly region has likely undergone multiple episodes of gravity-driven lithospheric
loss, accompanied by upwelling return flow in the mantle, decompression melting, and
magmatic activity.

■ The continental lithosphere beneath New England likely underwent modification due
to plume-lithosphere interaction during the passage of the Great Meteor Hotspot
(GMHS) at ∼125 Ma, with additional later episodes of alteration. The Northern Ap-
palachian Anomaly (NAA) likely represents a region of present-day mantle upwelling
that contributes to ongoing lithospheric thinning.

FUTURE ISSUES

■ Is there a compositional and/or rheological difference between Grenville and Ap-
palachian lithosphere? What combination of processes has led to the first-order
difference in lithospheric properties between Grenville and Appalachian terranes?

■ What controls the along-strike variability in Appalachian lithospheric structure, and in
orogenic systems more generally? Why have some episodes of Appalachian subduction
and terrane accretion been well preserved in the ENAM lithosphere while others have
not?

■ How extensive was the alteration of ENAM lithosphere during the breakup of Pangea
and the contemporaneous emplacement of CAMP? If alteration was limited, then
what controlled its localization? If it was widespread, then why have so many features
associated with Appalachian orogenesis been preserved in ENAM lithosphere?

■ How important has the process of gravity-driven lithospheric loss been beneath ENAM?
Is it a relatively rare process whose effects are evident only in specific regions? Or has it
been a common occurrence during eastern North American lithospheric evolution? Did
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widespread lithospheric loss beneath the Appalachians play a role in driving the upwelling
and melting that resulted in CAMP emplacement? To what extent is the gravity-driven
loss of continental lithosphere a common process in other passive continental margin
settings?

■ What triggers gravity-driven lithospheric loss, andwhat are the controls on its spatiotem-
poral distribution? Is the lower crust involved in lithospheric loss events, or are they
confined to the mantle lithosphere? Do time-progressive metamorphic reactions in the
crustal roots of ancient mountain ranges (e.g., Fischer 2002,Williams et al. 2014) play a
role? Why are some regions apparently prone to episodic lithospheric dripping?

■ What have been the relative roles of plume-lithosphere interaction andmantle upwelling
driven by small-scale or edge-driven convection in modifying the lithosphere beneath
New England? Is the NAA geophysical anomaly a direct result of GMHS passage, or
is it mostly a consequence of younger processes? Is the spatial correlation between the
intraplate volcanism of the White Mountain magma series and the NAA coincidental or
causative?

■ To what extent is the deep continental mantle lithosphere deformed during major tec-
tonic events such as collision, orogenesis, extension, and rifting? Does the deformation
of the crust at depth that has been documented beneath ENAM extend to the mantle
portion of the lithosphere? How is deformation partitioned among different depths, and
how is this controlled by lithospheric rheology? Are the crust and mantle lithosphere
mechanically coupled during deformation?

■ What are the causative relationships among different processes that affect continental
lithospheric structure? To what extent do structures inherited from past tectonic events
act as nucleation points or triggers for later events? Are the conditions needed for pro-
cesses such as lithospheric loss seeded by earlier events, such as orogenesis or rifting? Is
lithosphere that has been thinned by delamination or other processes more likely to be
affected by subsequent processes?
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