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Abstract We model the magnetic signature of rift‐related volcanism to understand the distribution and
volume of magmatic activity that occurred during the breakup of Pangaea and early Atlantic opening
at the Eastern North American Margin (ENAM). Along‐strike variations in the amplitude and character of
the prominent East Coast Magnetic Anomaly (ECMA) suggest that the emplacement of the volcanic
layers producing this anomaly similarly varied along the margin. We use three‐dimensional magnetic
forward modeling constrained by seismic interpretations to identify along‐margin variations in volcanic
thickness and width that can explain the observed amplitude and character of the ECMA. Our model
results suggest that the ECMA is produced by a combination of both first‐order (~600–1,000 km) and
second‐order (~50–100 km) magmatic segmentation. The first‐order magmatic segmentation could have
resulted from preexisting variations in crustal thickness and rheology developed during the tectonic
amalgamation of Pangaea. The second‐order magmatic segmentation developed during continental breakup
and likely influenced the segmentation and transform fault spacing of the initial, and modern,
Mid‐Atlantic Ridge. These variations in magmatism show how extension and thermal weakening was
distributed at the ENAM during continental breakup and how this breakup magmatism was related to both
previous and subsequent Wilson cycle stages.

1. Introduction

The cyclic amalgamation and breakup of (super)continents duringWilson cycles are responsible for the con-
figuration and evolution of Earth's surface through time (Wilson, 1966). Continental rifting can be asso-
ciated with extensive magmatism, and the presence of this magmatism can allow for continental breakup
to occur at considerably lower stress by accommodating extension and thermally weakening the plate
(Bialas et al., 2010; Buck, 2004, 2006; Daniels et al., 2014; Ebinger & Casey, 2001; Kendall et al., 2005).
Localized magmatism at the site of eventual continental breakup produces a thick wedge of volcanic
layers that is a characteristic feature observed at magma‐rich rifted continental margins worldwide
(e.g., Hinz, 1981; Morgan & Watts, 2018; Mutter, 1985). As these margins cooled, these volcanic layers
subsided, producing the seaward‐dipping reflectors (SDRs) observed in seismic images of rifted margins
(e.g., White & McKenzie, 1989). Understanding continental breakup is significant due to its impact on
Earth's climate and mass extinction events (Donnadieu et al., 2006; Nomade et al., 2007; Simms &
Ruffell, 1989). The architecture of the ensuing rifted continental margin is governed by the rifting and
breakup history and influences the prevalence of both natural resources (Mann et al., 2003; Nelson
et al., 1992) and geohazards (e.g., rifted margin seismicity, submarine landslides, and tsunamis) (Brune,
2016; Chaytor et al., 2009).

The Eastern North American Margin (ENAM) (Figures 1 and 2) records the beginning of the current Wilson
cycle, which initiated with the breakup of the supercontinent Pangaea and continues with the ongoing for-
mation of the Atlantic Ocean (Thomas, 2019; Wilson, 1966). The ENAM is a prime location for understand-
ing the processes involved in the formation and evolution of rifted continental margins (Lynner et al., 2020;
Sheridan, 1989; Withjack et al., 1998). The prominent East Coast Magnetic Anomaly (ECMA) extending
along the ENAM (Figure 1a) is commonly attributed to the volcanics emplaced as the surficial component
of the magmatism at the site of eventual continental breakup (Austin et al., 1990; Davis et al., 2018;
Talwani et al., 1995). Along‐strike variation in the ECMA amplitude and character (Figure 1b) suggests
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that the amount and distribution of breakup magmatism at the ENAM likewise varied along the margin
(e.g., Behn & Lin, 2000). Rifting is a three‐dimensional process, and identifying how the amount and
distribution of magmatism varies along the margin, along with the associated extension accommodation
and thermal weakening (e.g., Kendall et al., 2005), is important for understanding the entire breakup
process at rifted continental margins like the ENAM. The amount, distribution, and causes of breakup
magmatism at the ENAM have not been extensively investigated in a full, along margin framework.

Magmatic segmentation and transform fault locations along seafloor spreading centers may be inherited
from both preexisting structure in the continental lithosphere and the continental breakup process
(e.g., Behn & Lin, 2000; Bellahsen et al., 2013; Beutel et al., 2010; Collier et al., 2017; Hammond et al., 2013;

Figure 1. (a) North American Magnetic Anomaly Group (NAMAG) compilation magnetic anomaly grid
(Bankey et al., 2002). Extent of ECMA shown with dark contours (Klitgord et al., 1988). Gray lines identify the BSMA and
anomaly M25 (Greene et al., 2017). (b) Magnetic anomaly grid with scale adjusted to highlight ECMA amplitude
variation. Black lines show landward extrapolations of major (solid) and minor (dashed) fracture zones for the Atlantic,
with Blake Spur (BSFZ), Carolinas (CFZ), Northern Kane (NKFZ), Norfolk (NFZ), Long Island (LIFZ), Atlantis
(AFZ), and Nantucket (NTFZ) Fracture Zones labeled (Klitgord et al., 1988). White dashed line shows profile for
along‐margin extractions of data and model results (Figure 4).

Figure 2. (a) ETOPO1 bathymetry (Amante & Eakins, 2009), (b) seismically derived basement depth (Hutchinson et al., 1995; Klitgord et al., 1994), and
(c) sediment thickness. ECMA extent indicated by black/white contours (Figure 1a) (Klitgord et al., 1988). Key seismic lines/surveys labeled; red lines/polygons
indicate extent of SDR interpretations from previous studies (Austin et al., 1990; Bécel et al., 2020; Hinz, 1981; Holbrook et al., 1994; LASE Study
Group, 1986; Sheridan et al., 1993; Tréhu et al., 1989). Purple dashed line indicates the inferred suture zone surrounding a hypothesized isolated piece of West
African Craton under Chesapeake Bay (Lefort & Max, 1991, their Figure 7). Brown polygon indicates the inferred location of the Alleghanian suture zone
separating pre‐Alleghanian Laurentian terranes (to the north) from the Gondwanan terranes (to the south) (Boote & Knapp, 2016; Higgins & Zietz, 1983). Black
diamond indicates location of heat flow Site V20‐232 (Pollack et al., 1993).
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Hayward & Ebinger, 1996; Keranen et al., 2004). Structural elements (e.g., zones of weakness and crustal
thickness) developed during previous Wilson cycles can be transferred to the mid‐ocean ridge during rifting
and breakup and further mid‐ocean ridge segmentation may develop from the magmatic segmentation dur-
ing breakup, suggesting that consistent elements persist through time as (super)continents amalgamate and
breakup (Bellahsen et al., 2013; Franke et al., 2007; Hayward & Ebinger, 1996). A relationship between
breakup and seafloor spreading segmentation has been suggested for the ENAM based on the similarity of
the potential field anomaly wavelengths along the margin and modern Mid‐Atlantic Ridge (e.g., Behn &
Lin, 2000). However, how the three‐dimensional distribution of breakup magmatism at the ENAM corre-
sponds with the Mid‐Atlantic Ridge magmatic segmentation following breakup has not been comprehensi-
bly examined to understand the possible genetic relationship between preexisting structure, magmatic
emplacement during rifting, and the magmatic segmentation of mid‐ocean ridges.

In this study, we investigate along‐margin variations in the thickness and width of the breakup volcanic
wedge at the ENAM. While numerous styles of magmatism and tectonics can be present at rifts throughout
their history (Geoffroy et al., 2015; Marzoli et al., 2018; Menzies et al., 2002), we focus this study on the vol-
canic wedge emplaced during final continental breakup, which can be analyzed using magnetic data. This
volcanic wedge serves as the extrusive component of the focused magmatism that accommodated continen-
tal breakup and the transition to seafloor spreading (Holbrook & Kelemen, 1993; Withjack et al., 2012). We
use magnetic modeling, leveraging the extensive, and continuous, coverage of magnetic anomaly data avail-
able at the ENAM (Figure 1) (Bankey et al., 2002) to address: (1) Does the variation in the ECMA amplitude
and character indicate along‐strike variations in the amount and distribution of breakup magmatism,
(2) what are the possible causes of magmatic segmentation at the ENAM during breakup, and (3) did
breakup magmatism influence the segmentation of the Mid‐Atlantic Ridge. Other geophysical data, such
as seismic, are sparsely distributed over the ENAM (Figure 2) and have difficultly continuously imaging deep
margin structure. Nevertheless, we use such information to augment and constrain for our magnetic mod-
eling results wherever they are available at the ENAM (Figure 2) (Austin et al., 1990; Bécel et al., 2020;
Hinz, 1981; Holbrook et al., 1994; Lase Study Group, 1986; Sheridan et al., 1993; Talwani et al., 1995;
Tréhu et al., 1989). Based on our magnetic modeling, we show that the observed variations in the ECMA
amplitude and character can be explained by first‐ and second‐order along‐strike variations in the thickness
and width of breakup volcanism, which provide new insights into the distribution and amount of magma-
tism at the ENAM.

2. Background
2.1. Continental Rifting and Breakup

The continental rifting and breakup stage of Wilson cycles (Wilson, 1966) results in the formation of rifted
continental margins and the initiation of seafloor spreading that produces ocean basins (Brune, 2016;
Ebinger, 2005). Rifted continental margins total ~105,000 km in length globally and record the history of
continental rifting/breakup and the postrift evolution of these settings (Bradley, 2008; Brune, 2016).
Continental rifting is active in the East African Rift (Ebinger & Casey, 2001; Makris & Ginzburg, 1987)
and Afar (Manighetti et al., 1997, 1998), and the transition to seafloor spreading is ongoing or has recently
occurred in the Red Sea (Almalki et al., 2015; Lowell & Genik, 1972), the Eastern Black Sea (Monteleone
et al., 2019), and the Gulf of California (Lizarralde et al., 2007).

Rifted margins fall on a spectrum between two end‐member types, magma rich and magma poor, based on
the amount of magma present during breakup (Franke, 2013; Gallahue et al., 2020; Geoffroy, 2005; Geoffroy
et al., 2015; Menzies et al., 2002; Péron‐Pinvidic et al., 2013; Tugend et al., 2018). At magma‐rich rifted mar-
gins, voluminous intrusive and extrusive magmatic activity facilitates and results from continental rifting
and breakup, as this magmatism can thermally weakening the plate, localize strain, and accommodate
extension to allow continental breakup at a lower stress (Bastow & Keir, 2011; Bialas et al., 2010;
Buck, 2004; Daniels et al., 2014; Ebinger & Casey, 2001). Flood basalts are generally emplaced during the
prerift and/or synrift stages of rifting (Marzoli et al., 2018; Menzies et al., 2002). Additionally, focused mag-
matism expressed as volcanic flows, mafic intrusions, and/or igneous underplating occurs during continen-
tal breakup and the transition to seafloor spreading (Bastow & Keir, 2011; Geoffroy et al., 2015; White
et al., 1987). In contrast, magma‐poor rifted margins typically exhibit some combination of extreme
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crustal thinning, detachment faulting, and/or mantle exhumation during rifting and breakup (Boillot
et al., 1980; Franke, 2013).

A wedge‐shaped accumulation of volcanics is emplaced along magma‐rich margins as the extrusive portion
of breakup magmatism (Mutter, 1985; White et al., 1987). This volcanic wedge is imaged as SDRs in seismic
data at magma‐rich rifted margins around the world (e.g., Austin et al., 1990; Eldholm et al., 2000; Gallahue
et al., 2020; Hinz, 1981; Morgan & Watts, 2018; Mutter, 1985; Mutter et al., 1982; Oh et al., 1995; White &
McKenzie, 1989). Horizontal volcanic flows are erupted subaerially before acquiring a seaward dip from
either magmatic loading and thermal subsidence of the lithosphere or slip along bounding normal faults
(Buck, 2017; Morgan & Watts, 2018). The volcanic wedge is associated with and likely responsible for a
high‐amplitude, margin parallel magnetic anomaly (e.g., Berndt et al., 2001; Collier et al., 2017; Corner
et al., 2002; Davis et al., 2018; Franke et al., 2019; Keen & Potter, 1995). The presence of breakup volcanic
wedges has been confirmed by drilling at the Greenland and Norwegian margins (e.g., Eldholm et al., 1989;
Vandamme & Ali, 1998), and analogous volcanic flows exist at modern rift sites, such as the Afar region of
Ethiopia (e.g., Bastow & Keir, 2011; Beutel et al., 2010; Keir et al., 2013). Beneath the SDRs, high‐velocity
lower crust is often observed in seismic data, interpreted to represent mafic intrusives and/or underplating
during breakup (Holbrook et al., 1994; Kelemen & Holbrook, 1995; Mjelde et al., 2016; Talwani &
Abreu, 2000; Tréhu et al., 1989; White et al., 1987, 2008).

Magma‐rich rifted continental margins are prevalent worldwide (Gallahue et al., 2020; Hinz, 1981; Menzies
et al., 2002). Rifted margins that are thought to be closer to the magma‐rich end‐member of the spectrum
include the ENAM in the Central Atlantic (e.g., Austin et al., 1990; Holbrook & Kelemen, 1993), portions
of the conjugate margins of the South Atlantic (e.g., Franke et al., 2007; Koopmann et al., 2014) and
North Atlantic (e.g., Eldholm & Grue, 1994; Mutter et al., 1982), the margin of the Canadian Arctic
(Funck et al., 2011), the margin of East Antarctica (Gupta et al., 2017), the Northwestern Australian
Margin (e.g., Hopper et al., 1992), and the Southwest Indian Margin (e.g., Ajay et al., 2010). Magma‐poor
margins include the conjugate Newfoundland, Canada, and Iberia Peninsula margins (e.g., Boillot
et al., 1980; Shillington et al., 2006; Whitmarsh et al., 2001) and the Gulf of Aden (Autin et al., 2010;
d'Acremont et al., 2005). Intermediate examples, with elements of both end‐members, include the South
China Sea (e.g., Franke, 2013; Weiwei et al., 2012) and the Gulf of California (Lizarralde et al., 2007).

Along‐axis magmatic segmentation is a feature of both presently active rifts (e.g., Beutel et al., 2010;
Hammond et al., 2013; Hayward & Ebinger, 1996; Keir et al., 2013; Manighetti et al., 1998, 2001) and
magma‐rich rifted continental margins (Collier et al., 2017; Franke et al., 2019; Geoffroy, 2005;
Koopmann et al., 2014). The greater amount of magma in the center of these segments is related to
along‐margin variations in extension during breakup (Ebinger & Casey, 2001; Geoffroy, 2001). Following
successful continental breakup, a segmented mid‐ocean ridge develops as the tectonic regime enters the sea-
floor spreading stage (Bellahsen et al., 2013; Ebinger, 2005). The magmatic segmentation currently observed
in both rifts and mid‐ocean ridges are thought to be caused by (1) along‐strike variations in magma produc-
tion from focused upwelling of warmer asthenospheric mantle initiated by Rayleigh‐Taylor gravitational
instability (Geoffroy, 2001; Lin et al., 1990; Schouten et al., 1985; Sempéré et al., 1993;Whitehead et al., 1984);
(2) magma focusing from melt transport at the base of the lithosphere (e.g., Keir et al., 2015; Magde &
Sparks, 1997; Shillington et al., 2009); or (3) tectonic extension with associated decompression melting
and dike intrusion (Ebinger & Casey, 2001; Manighetti et al., 1998, 2001). The length scale of magmatic seg-
mentation is similar in both rifts and the ensuingmid‐ocean ridges, which suggests that mid‐ocean ridge seg-
mentation is inherited from the magmatic segmentation present during the continental breakup process
(e.g., Behn & Lin, 2000; Bellahsen et al., 2013; Beutel et al., 2010; Collier et al., 2017; Hammond et al., 2013;
Hayward & Ebinger, 1996; Keranen et al., 2004).

2.2. ENAM Formation

Eastern North America has been the site of repeated iterations of continental amalgamation and breakup
through time (Thomas, 2019). A prominent stage in the history of modern‐day Eastern North America is
the assembly and breakup of the most recent supercontinent, Pangaea (Rankin, 1994). The assembly of
Pangaea initiated during the Early and Middle Paleozoic when peri‐Gondwanan terranes (such as the
Carolina, Avalon, and Gander terranes), present in the oceans separating Laurentia and Gondwana, was
accreted onto the eastern margin of the Laurentian landmass (Hatcher, 2010). The amalgamation of
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Pangaea culminated with the Late Paleozoic Alleghanian orogeny (320–260 Ma) (Hatcher, 2002). This con-
tinental collision created the Alleghanian suture zone, which is now located in North/South Carolina and
Georgia to separate the pre‐Alleghanian Laurentian terranes (including the peri‐Gondwanan Carolina ter-
rane) to the northeast from the accreted (peri‐)Gondwanan terranes (e.g., Suwannee and Charleston/
Brunswick terranes) to the southwest (Figure 2b) (Boote & Knapp, 2016).

The ENAM (Figure 1) formed from the diachronous breakup of Pangaea, which occurred earlier (earliest
Jurassic) off the southeastern United States and later (early Cretaceous) off Canada (Withjack et al., 2012).
The southern ENAM (south of Nova Scotia) is thought to be a magma‐rich continental margin, whereas
the northern ENAM is magma poor (Keen & Potter, 1995; Kelemen & Holbrook, 1995; Shillington
et al., 2006). Continental rifting of Pangaea in modern eastern North America initiated in the Late
Triassic (Withjack et al., 2012). Northwest‐southeast crustal extension was initially accommodated over a
broad zone by faults bounding long‐lived rift basins (Manspeizer & Cousminer, 1988). Many of these exten-
sional faults were reactivated preexisting Paleozoic structures (Schlische, 1993). During rifting, widespread
magmatism and distributed diking associated with the Central Atlantic Magmatic Province (CAMP) was
emplaced at ~200 Ma (Blackburn et al., 2013; Marzoli et al., 2018). As rifting progressed, extension was loca-
lized at the site of eventual continental breakup and rift basin faulting ceased (Withjack et al., 1998).

At the southern ENAM, continental breakup and the transition to seafloor spreading is thought to have been
accommodated by magmatic activity based on multiple geophysical indicators, including SDRs,
high‐velocity lower crust, and a high‐amplitude magnetic anomaly (e.g., Austin et al., 1990; Holbrook
et al., 1994; Talwani et al., 1995). SDRs were first identified at the ENAM by Hinz (1981) in seismic reflection
data, and they interpreted these SDRs to represent volcanism during continental breakup. Numerous seis-
mic surveys led to further, extensive investigation of SDRs at the ENAM (Figure 2b), providing additional
support to the interpretation that the SDRs represent the subaerial emplacement, and subsequent subsi-
dence, of a volcanic wedge along the margin (e.g., Austin et al., 1990; Bécel et al., 2020; Holbrook et al., 1994;
Lase Study Group, 1986; Oh et al., 1995; Sheridan et al., 1993; Talwani et al., 1995; Tréhu et al., 1989). SDRs
at the ENAM are overlaid by the thick sediment of the Carolina Trough, Baltimore Canyon Trough, and
Georges Bank sedimentary basins (Figure 2c) (Klitgord et al., 1988). In the Carolina and Baltimore
Canyon troughs, crustal seismic refraction measurements also exist, which are not available in the
Georges Bank Basin to the north (Holbrook et al., 1994; Kelemen & Holbrook, 1995; Lase Study
Group, 1986; Tréhu et al., 1989). These refraction measurements show that the SDRs are underlain by
high‐velocity lower crust, interpreted to represent mafic intrusions and/or igneous underplating during
breakup (e.g., Kelemen & Holbrook, 1995). Similar indicators of magmatic activity are not readily identifi-
able on the conjugate Northwest African Margin (Biari et al., 2017; Klingelhoefer et al., 2009; Labails
et al., 2009), being limited to a poorly developed SDR package (Roeser et al., 2002). This asymmetry in
breakup magmatism between the ENAM and Northwest African Margin may indicate stronger magmatic
activity on the ENAM related to the preferential rising of hot mantle material beneath this margin, with
magmatic activity on the Northwest African Margin limited to moderate volcanic intrusions (Biari
et al., 2017; Klingelhoefer et al., 2009).

The ECMA is a 2,500‐km‐long, high‐amplitude, positive magnetic anomaly extending along the ENAM from
offshore Georgia to Nova Scotia (Figure 1) (Klitgord & Schouten, 1986). The ECMA was first identified by
Keller et al. (1954) on two aeromagnetic profiles, and was later comprehensively mapped during a U.S.
Naval Oceanographic Office aeromagnetic survey (Taylor et al., 1968). After its discovery, various sources
for the ECMA were proposed, including a basement ridge (Klitgord & Berhrendt, 1979), an edge effect from
the juxtaposition of higher‐ and lower‐magnetized crust (Hutchinson et al., 1982; McBride & Nelson, 1988)
or highly magnetized crust (Alsop & Talwani, 1984; Keller et al., 1954; Taylor et al., 1968). Following the
identification of SDRs in seismic data that are spatially correlated with the ECMA (e.g., Austin et al., 1990;
Holbrook et al., 1994; Lase Study Group, 1986; Sheridan et al., 1993; Tréhu et al., 1989), the general consen-
sus has been that ECMA is attributed to the volcanic wedge emplaced during continental breakup based on
the results of 2‐D magnetic forward modeling (e.g., Austin et al., 1990; Bécel et al., 2020; Davis et al., 2018;
Talwani et al., 1995). Talwani et al. (1995) suggest that the ECMA is a remanent anomaly from a rapidly
emplaced volcanic wedge. Alternatively, Davis et al. (2018) suggest that the ECMA is an induced anomaly,
with a longer‐duration (6–31 Myr) of emplacement over multiple polarity periods causing the remanent
magnetization of the volcanic wedge layers to cancel out. To the north, offshore Nova Scotia, the ECMA
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diminishes and SDRs are not found, suggesting that the margin transitions to more magma poor at this loca-
tion (Keen & Potter, 1995; Van Avendonk et al., 2006).

The ECMA displays notable along‐strike variations in amplitude and character at multiple scales (Figure 1b)
(Behn & Lin, 2000; Klitgord et al., 1988). A regional change in the ECMA character occurs near Cape
Hatteras, North Carolina, with the single peak ECMA to the north of Cape Hatteras and a comparatively
lower amplitude, broader ECMA with two peaks to the south (Figure 1) (Klitgord et al., 1988). A change
in ECMA amplitude is present offshore the New York Bight, being higher to the northeast in the Long
Island Platform and comparatively lower to the south in the Baltimore Canyon and Carolina troughs
(Figure 1). The ECMA also displays amplitude variation at a 100‐ to 150‐km wavelength, with magnetic
anomaly highs separated by zones of relatively lower amplitude (Figure 1b) (Behn & Lin, 2000).

The ENAM also contains another prominent magnetic anomaly, the Brunswick Magnetic Anomaly (BMA),
which is located inboard and parallel to the ECMA in the Carolina Trough (Klitgord et al., 1988) (Figure 1).
The source of the BMA is debated but is thought to play a role in the ENAM rift history (Duff & Kellogg,
2019). Proposed sources for the BMA include an Alleghanian Suture Zone (McBride & Nelson, 1988;
Parker, 2014), rift‐related mafic intrusions (Duff & Kellogg, 2019; Lizarralde et al., 1994), the negative anom-
aly component of a low‐high pair with the ECMA from the breakup volcanic wedge (Austin et al., 1990) or a
rift basin (the Brunswick Graben; Hutchinson et al., 1982).

The formation of the Atlantic Ocean followed continental breakup at the ENAM (Vogt, 1973). Various tec-
tonic scenarios have been proposed for the early Atlantic opening. Scenarios such as a ridge jump (or two
ridge jumps) (Bird et al., 2007; Klitgord & Schouten, 1986; Schettino & Turco, 2009; Vogt, 1973), asymmetric
spreading that underwent a drastic change in rate and direction (Labails et al., 2010), or a period of protoo-
ceanic crust prior lithospheric rupture (Bécel et al., 2020; Shuck et al., 2019) between the ECMA and the
Blake Spur Magnetic Anomaly (BSMA) (Figure 1) have been proposed to explain the wider domain of early
ocean crust that is present offshore the ENAM compared to the conjugate margin offshore northwest Africa
(Labails et al., 2010). Additionally, a spreading axis reorientation may have been present to accommodate
the difference in strike between the initial seafloor spreading outboard of the ECMA and the modern
Mid‐Atlantic Ridge (Greene et al., 2017). Under all of the proposed scenarios, seafloor spreading rates for
the early Atlantic indicate a slow‐spreading regime (e.g., Bird et al., 2007; Greene et al., 2017; Klitgord &
Schouten, 1986; Labails et al., 2010; Schettino & Turco, 2009), which continues in the present day (Müller
et al., 2008).

The modern Mid‐Atlantic Ridge displays along‐strike segmentation at a similar spatial scale as the 100‐ to
150‐km wavelength variation in ECMA amplitude (Figure 1b), suggesting that the segmentation of the
Mid‐Atlantic Ridge was inherited from rifting and breakup at the ENAM (Behn & Lin, 2000). While tracing
fracture zones is challenging between the ECMA and anomaly M25 (Figure 1), the landward extrapolations
of many Atlantic fracture zones align with offsets of linear magnetic anomalies identified between the
ECMA and BSMA, suggesting that spreading center segmentation has persisted throughout the crustal evo-
lution from continental breakup to the modern Mid‐Atlantic Ridge (Greene et al., 2017; Klitgord &
Schouten, 1986). Many of fracture zones in the Atlantic intersect the ENAM at magnetic lows that coincide
with the 100‐ to 150‐km wavelength ECMA amplitude variation (Figure 1) (Behn & Lin, 2000; Greene
et al., 2017; Klitgord et al., 1988).

3. Methods
3.1. Data and Model Constraints

In this study, we use the North American Magnetic Anomaly Group (NAMAG) magnetic anomaly grid,
composed of merged aeromagnetic and shipboard magnetic data, to model the volcanic wedge producing
the ECMA (Figure 1) (Bankey et al., 2002). We merge available basement depth grids derived from U.S.
Geological Survey (USGS) seismic reflection data in the Carolina Trough (Hutchinson et al., 1995) and
Baltimore Canyon Trough/Georges Bank Basin (Klitgord et al., 1994) to create a margin‐wide depth to base-
ment grid that can be used to constrain the top of the volcanic wedge (Figure 2b). We also compiled available
constraints on the extent of the volcanic wedge from previous interpretations of SDRs in deep‐imaging seis-
mic data at the ENAM, including the Federal Institute for Geosciences and Natural Resources (BGR) 1979
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survey, Large Aperture Seismic Experiment (LASE), USGS Line 28, USGS Line 32, EDGE Line 801, BA‐6,
and the MGL1408 survey (Figure 2b) (Austin et al., 1990; Bécel et al., 2020; Hinz, 1981; Holbrook et al., 1994;
Lase Study Group, 1986; Sheridan et al., 1993; Tréhu et al., 1989).

3.2. Magnetic Anomaly Modeling

We conducted 2‐D and 3‐D magnetic modeling of the volcanic wedge using the Fourier summation
approach (Parker, 1973). We first created a series of 2‐D magnetic forward models along profiles perpendi-
cular to the ECMA (Figures S1 and S2 in the supporting information). Where available, we used SDR inter-
pretations from previous studies to constrain the lateral extent of the volcanic wedge in these 2‐D magnetic
models (Figure 2b). The volcanic wedge geometry we use in our modeling increases in thickness from the
inboard pinch‐out toward a maximum thickness; then, it thins to zero in thickness as the volcanic wedge
transitions into ocean crust on the outboard end (Figure S1). The modeled volcanic wedge geometries were
interpolated between the 2‐D magnetic model profiles along the margin to create an initial 3‐D volcanic
wedge for our 3‐D magnetic modeling. The top of this 3‐D modeled volcanic wedge was constrained using
the seismically derived basement depth grid (Figure 2b). We then iteratively adjusted the lateral extent (per-
pendicular to the ECMA) and thickness (base) of the 3‐D modeled volcanic wedge along the margin to
achieve a calculated magnetic anomaly consistent with the observed ECMA amplitude and character
(Figure 1a). We incorporate SDR interpretations made by previous studies of the ENAM (Figure 2b) to con-
strain the lateral extent of the volcanic wedge in our 3‐Dmagnetic model. Both previous studies and our 2‐D
magnetic modeling suggest that the volcanic wedge extends landward and seaward of where SDRs are inter-
preted (Davis et al., 2018; Eldholm et al., 1995; Talwani et al., 1995) (Figure S1). Therefore, we use these
SDRs interpretations (Figure 2b) as a minimum constraint on our modeled volcanic wedge extent, ensuring
that our modeled volcanic wedge encompasses the full distribution of where SDRs have been identified at
the margin. A maximum depth constraint for the base of our modeled volcanic wedge is the depth to the
Curie temperature, as material below this depth would lose remanent magnetization and not contribute
to the magnetic anomaly (Blakely, 1995; Rajaram, 2007). A global estimation based on magnetic anomaly
inversion suggests that the Curie depth at the ENAM is greater than 27 km (Li et al., 2017) (Figure S4).
We independently estimate the Curie depth to be ~23–25 km based on heat flow data collected at Site
V20‐232 (Pollack et al., 1993) (Figures 2a and S4).

Our 3‐D magnetic model assumed a constant magnetization of 5 A/m throughout the volcanic wedge with
an inclination of 45° and a declination of −2° based on the estimates of the Jurassic geomagnetic pole
(Austin et al., 1990; Talwani et al., 1995). This magnetization is consistent with drilling results that pene-
trated SDRs at other margins (see Davis et al., 2018, their figure 3) and is similar to the magnetization used
in 2‐D magnetic modeling of volcanic wedges at both the ENAM (Figure S1) (Austin et al., 1990; Talwani
et al., 1995) and other volcanic rifted margins (e.g., Bauer et al., 2000; Franke et al., 2019). We also validated
this magnetization with a 2‐D magnetization inversion (Figure S3) (Parker & Huestis, 1974). Davis
et al. (2018) alternatively suggest that the ECMA is an induced, rather than remanent, magnetic anomaly
produced by a 0.05 International System (SI) susceptibility volcanic wedge (present‐day field inclination
of 60°, declination of −10°, and strength of ~50,000 nT). A 5‐A/m remanent volcanic wedge with Jurassic
geomagnetic field directions produces a similar magnetic anomaly to a 0.05 SI‐induced volcanic wedge with
the steeper inclination of the present‐day field (Behn & Lin, 2000; Davis et al., 2018). Therefore, we used a
5‐A/m magnetization in our ECMA modeling, recognizing that an induced anomaly, or a combination of
remanent and induced components, would result in a similar modeled volcanic wedge with comparable
along‐strike variations in thickness and width.

4. Results
4.1. Volcanic Wedge Distribution and Variations

Ourmagnetic modeling (Figure 3) shows that the volcanic wedge emplaced as the surficial component of the
magmatism at the site of continental breakup can explain the ECMA (Figure 3) (Holbrook &
Kelemen, 1993). Our modeled volcanic wedge mimics the strike of the ECMA and the modern‐day shelf
break along the margin. The top of the modeled volcanic wedge, derived from the seismically derived base-
ment depth grid (Figure 2b), ranges from ~2–17 km in depth, with the greatest depths in the northern
Baltimore Canyon Trough (Figure 3). The base of our modeled volcanic wedge, derived through our
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iterative 3‐D forward modeling, ranges from ~14–23 km along the margin at its thickest points (Figure S5).
The base of our modeled volcanic wedge is shallower than the Curie depths estimates for this area
(~23–27 km; Figure S4), suggesting that the entire modeled volcanic wedge contributes to the magnetic
anomaly signal.

The thickness and width of the volcanic wedge, derived from our iterative 3‐Dmodeling, exhibits both first‐
order (~600–1,000 km) and second‐order (~50–100 km) variations along the ENAM (Figures 3 and 4). The
first‐order volcanic wedge variation can be separated into two regions. The boundary separating the
first‐order variation in modeled volcanic wedge thickness and width is located near Cape Hatteras, North
Carolina. South of this boundary (hereafter referred to as the Carolina Region), the modeled volcanic wedge
has a more widely distributed thickness, corresponding to the broader, two‐peak ECMA (Figure 3). The

Figure 3. Results of 3‐D magnetic forward modeling. From top to bottom: observed magnetic anomaly (Figure 1a),
model calculated magnetic anomaly, top of modeled volcanic wedge from basement depth grid (Figure 2b), and
modeled volcanic wedge thickness. Locations of SDR interpretations from previous studies indicated by red/white lines
(Figure 2b). Gray dashed lines show landward extrapolations of major Atlantic fracture zones (Figure 1b) (Klitgord
et al., 1988).
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maximum thicknesses of the modeled volcanic wedge in the Carolina Region are ~4–7 km. To the north of
this boundary (hereafter referred to as the Mid‐Atlantic Regions), the modeled volcanic wedge is thicker and
has amore narrow distribution of thickness compared to the Carolina Region (Figure 3), corresponding with
the higher‐amplitude, single peak ECMA. The steeper thickening gradient reflects the overall narrower
distribution of the modeled volcanic wedge thickness in the Mid‐Atlantic Region. The maximum
thickness of the modeled volcanic wedge in the Mid‐Atlantic Region is ~7–10 km.

In the Carolina Region, the modeled volcanic wedge is able to replicate the positive, high‐amplitude ECMA
character and produces a thin, paired negative anomaly inboard of the ECMA (Figure 3). However, the
strong negative amplitude and width of the BMA are not produced by the modeled volcanic wedge
(Figure 3). This suggests that the BMA does not represent a low‐high anomaly pair with the ECMA produced
by the breakup volcanic wedge (e.g., Austin et al., 1990).

The overall modeled volcanic wedge thickness (Figure 3) is similar throughout the entire Mid‐Atlantic
Region. However, there is a difference in both the modeled volcanic wedge depth and orientation between
the Baltimore Canyon Trough and Long Island Platform within the Mid‐Atlantic Region, being present on
either side of the prominent bend observed in the ECMA offshore the New York Bight (Figure 3). The strike
of the volcanic wedge, and the ECMA, is north‐south in the Baltimore Canyon Trough and more east‐west
on the Long Island Platform (Figure 3). The basement depth (representing the top of the modeled volcanic

Figure 4. Along‐margin profile along the ECMA axis (see Figure 1b). (a) Observed magnetic anomaly along‐strike.
(b) Modeled volcanic wedge cross‐sectional area along strike. (c) Seafloor (orange), top of modeled volcanic wedge
(from basement depth grid; Figure 2b) (red), and base of modeled volcanic wedge (dark red) beneath the ECMA axis.
Extent of Carolina and Mid‐Atlantic Regions marked. Red dashed lines show average cross‐sectional areas for regions.
Margin intersections of major Atlantic fracture zones indicated by green dashed lines (see Figure 1b) (Klitgord
et al., 1988). Location of BA‐6 (Austin et al., 1990) labeled.
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wedge) is shallower on the Long Island Platform compared to the deep basement of the Baltimore Canyon
Trough (Figures 2–4). A change in ECMA amplitude is coincident with these changes in basement depth and
strike, being ~100–200 nT higher on the Long Island Platform compared to in the Baltimore Canyon Trough
(Figures 1, 3, and 4). Both the strike and depth of the magnetic source body can influence magnetic anomaly
amplitudes, which suggests that the higher ECMA amplitude on the Long Island Platform is not indicative of
a greater amount of volcanic wedge emplacement; rather, it corresponds to a decrease in volcanic wedge
(basement) depth and change in volcanic wedge strike within the Mid‐Atlantic Region (e.g., Behn &
Lin, 2000) (Figures 2–4).

The second‐order variation in the thickness and width of our modeled volcanic wedge mimic the ~100‐ to
150‐km wavelength amplitude variation along the ECMA (Behn & Lin, 2000) (Figures 3 and 4). Depth var-
iation in the top of the basement has no apparent relationship with the 100‐ to 150‐km wavelength ECMA
amplitude variation, suggesting that this ECMA variation can be attributed to second‐order segmentation
of the volcanic wedge (Figures 3 and 4).

Magnetic anomalies can also be produced by variations in the distribution of magnetic source with different
magnetization. In addition to the along‐strike variations in the thickness and width of our modeled volcanic
wedge at the ENAM, along‐strike variations in the magnetization could conceivably arise from processes
such as low temperature, long‐term hydrothermal alteration (Pariso & Johnson, 1991) or partial cancelation
of magnetization due to volcanic emplacement over alternating polarity periods (Davis et al., 2018). We test
if along‐strike variations in magnetization alone could explain the observed ECMA amplitude and character
variation using a 3‐Dmagnetic forward model with a constant volcanic wedge geometry. It was considerably
challenging to reproduce both the amplitude and character of the ECMA simultaneously in the
variable‐magnetization model (Figure S6). It was particularly difficult to adjust the magnetization value
alone to account for the ECMA amplitude without also causing a poor fit for the ECMA width, indicating
that a spatial variation in the geometry of volcanics is likely needed to fully capture both the width and
amplitude of the ECMA. We think this exercise supports the variable volcanic wedge thickness and width
used in our 3‐D magnetic modeling (Figure 3).

4.2. Volcanic Wedge Volume Estimates

Based on our interpretation of the magnetic forward modeling results, we estimate that the volcanic wedge
emplaced as part of the ENAM breakup magmatism has a volume of ~373,000 km3 from just south of the
Blake Spur Fracture Zone to just north of the Nantucket Fracture Zone. Of this total volume, we estimate
~167,000 km3 in the Carolina Region, with the remaining ~206,000 km3 in the larger Mid‐Atlantic Region.

We examined along‐strike variations in the volume of the modeled volcanic wedge using changes in
cross‐sectional area (area perpendicular to the ECMA strike) as a proxy (Figure 4). The average
cross‐sectional area of the modeled volcanic wedge in the Carolina Region is ~280 km2 (omitting the minor
segment south of the Blake Spur Fracture Zone) and ranges between 220 and 450 km2 between the centers
and edges of the second‐order geometry variations within this region (Figure 4). The average cross‐sectional
area of the modeled volcanic wedge in the Mid‐Atlantic Region is ~225 km2 and ranges between 75 and
450 km2 between the centers and edges of the second‐order geometry variations within this region
(Figure 4). The average cross‐sectional area of the Mid‐Atlantic Region is comparatively smaller despite hav-
ing a greater modeled volcanic wedge thickness, and this is due to the broader distribution of modeled vol-
canic wedge thickness in the Carolina Region (Figure 3).

Previous studies have estimated the volume of breakup volcanism at the ENAM (Austin et al., 1990; Talwani
et al., 1995). Austin et al. (1990) estimate a cross‐sectional area of 370 km2 for the volcanic wedge on BA‐6
(Figure 2), which consistent with the ~350 km2 in our model (Figure 4). Extrapolating on this estimate,
Austin et al. (1990) evaluate a total volcanic wedge volume of ~166,500 km3 in the Carolina Trough, which
is similar to the volume we estimate for our Carolina Region. Talwani et al. (1995) suggest a rough estimate
of ~1 × 106 km3 for the volcanic wedge by assuming that a 100‐km‐wide and 10‐km‐thick volcanic wedge
extends 1,000 km along the margin. This estimate by Talwani et al. (1995) is larger than what we estimate
due to their 10‐km‐thick volcanic wedge assumption, which is greater than what our modeling suggests is
typical along the ENAM (Figure 3). Additionally, our modeling shows that a volcanic wedge with a constant
along‐strike geometry is not consistent with the observed variations in ECMA amplitude and character
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(Figure 3). This discrepancy indicates that it is important to account for along‐strike variations in volcanic
wedge thickness and width when estimating the volume of breakup volcanism at rifted margins.

We can estimate the volume of mafic intrusives/underplating and the total (intrusive plus extrusive) volume
of magmatism emplaced during continental breakup using the volume of volcanics based on our magnetic
forward modeling results (Figure 3). Gallahue et al. (2020) found that the volumes of SDRs (volcanic wedge)
are typically ~30% of the corresponding volume of high‐velocity lower crust (mafic intrusives/underplating)
interpreted on seismic reflection profiles at magma‐rich rifted margins worldwide. Using this relationship,
the volcanic wedge volume estimated from our magnetic forward modeling results (~373,000 km3) suggests
that ~1,243,000 km3 of mafic intrusives/underplating was emplaced during breakup at the ENAM, yielding a
total (intrusive plus extrusive) volume of ~1,616,000 km3 for the focused breakup magmatism. This can be
subdivided into mafic intrusives/underplating volumes of ~565,000 and ~687,000 km3 in the Carolina and
Mid‐Atlantic Regions, respectively, and total breakup magmatism volumes of ~723,000 and ~893,000 km3

in the Carolina and Mid‐Atlantic Regions, respectively. Kelemen and Holbrook (1995) suggest that the total
volume of breakup magmatism at the ENAM was as much as 2,700,000 km3. This estimate by Kelemen and
Holbrook (1995) is larger than what we estimate, as they only use two estimates for the geometry of SDRs
and high‐velocity lower crust (from Lines BA‐6 and EDGE801; see Figure 2a) and extrapolate these dimen-
sions along the entire margin, whereas we account for along‐strike variations in the amount of magmatism.

5. Discussion
5.1. Margin‐Scale Magmatism That Drove the Atlantic Opening

Magma‐rich rifted continental margins, including the ENAM, bound 75% of the Atlantic Ocean and are the
product of the breakup of Pangaea and the opening of the Atlantic Ocean (Eldholm et al., 2000;
Menzies et al., 2002). The volcanic wedges emplaced at these margins serve as the surficial indicator of
the margin‐scale magmatism at the site of continental breakup (Holbrook & Kelemen, 1993; Keen &
Potter, 1995). Understanding the amount of this margin‐scale magmatism provides insight into a key
component that can allow for continental breakup to occur at lower stress (Bialas et al., 2010; Buck, 2004;
Daniels et al., 2014).

The dimensions of our modeled volcanic wedge are consistent with seismically determined SDRs, at the
other magma‐rich rifted continental margins of the Atlantic. At the North Atlantic Margins offshore
Norway and Greenland, the volcanic wedge emplaced during breakup is ~20–100 km wide and ~4–6 km
thick (Barton & White, 1997; Eldholm & Grue, 1994). At the southern South Atlantic Margin offshore
Argentina and Uruguay, the volcanic wedge emplaced during breakup is 60–120 km in width and up to
~6–7 km thick (Franke et al., 2007, 2010). At the central South Atlantic conjugate margins offshore Brazil
and Namibia, the volcanic wedge emplaced during breakup is ~50–200 km wide and up to 15 km thick
(Koopmann et al., 2014; Talwani & Abreu, 2000). Our modeled volcanic wedge dimensions (~60–120 km
wide and ~4–10 km thick) are similar to the dimensions observed at the other magma‐rich Atlantic margins
(Figure 3), which suggests that the margin‐scale magmatism at the ENAM is typical of the amount of mag-
matism at magma‐rich margins to drive the breakup of Pangaea and the Atlantic opening.

5.2. First‐Order (~600–1,000 km) Magmatic Segmentation During Breakup at the ENAM
5.2.1. Rift Transfer Zone
Our modeling results show a first‐order variation in the volcanic wedge width and thickness, separated into
the Carolina and Mid‐Atlantic Regions (Figure 3). The modeled volcanic wedge changes from a widely dis-
tributed thinner volcanic wedge in the Carolina Region to a narrower but thicker volcanic wedge in the
Mid‐Atlantic Region (Figure 3). This change indicates a first‐order magmatic segmentation during breakup
where each region experienced a different distribution and amount of magmatism (Figure 5), suggesting that
key parameters controlling melt production likewise varied along the margin (e.g., Shuck et al., 2019;
Withjack et al., 2012). One possible explanation for the change in character of the volcanic wedge is that a
rift transfer zone exists just north of Cape Hatteras, which accommodated differences in extension between
two rift segments experiencing different modes of magma emplacement during breakup (e.g., Bellahsen
et al., 2013).
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Figure 5. Schematic of rifting history with breakup magmatism at the ENAM. White arrows show approximate direction
of extension. Volcanic wedge shown in orange; second‐order segmentation shown with ovals; darker colors
correspond to areas of a thicker volcanic wedge. Present‐day coast and state boundaries shown for spatial reference.
(a) Distributed extension onshore prior to breakup magmatism. (b) Volcanic wedge emplacement scenario with a
synchronous localization of extension between the Carolina and Mid‐Atlantic Regions. (c and d) Volcanic wedge
emplacement scenario with an earlier localization of extension in the Carolina Region (panel c) and a later localization in
the Mid‐Atlantic Region (panel d). (e) Seafloor spreading following continental breakup; dashed lines indicate major
Atlantic fracture zones (Figure 1a). Inset plots illustrate hypothetical lithosphere strength envelopes with possible effects
of crustal thickness, rheological differences, and presence of magmatism on extension in the Carolina and
Mid‐Atlantic Regions (Buck, 2004, their figure 1.1; Lowrie, 2007, their figure 2.69; Marzen et al., 2019). Horizontal gray
lines indicate crustal thickness (Marzen et al., 2019; Talwani et al., 1995).
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Rift transfer zones are commonly observed in rifted continental margins (e.g., Bellahsen et al., 2013;
Franke et al., 2007) and active rifts (e.g., Hayward & Ebinger, 1996; Manighetti et al., 2001) to divide a rift
into distinct regions. Transfer zones accommodate differences in extension between rift segments through
a system of faults that can be oriented subperpendicular or subparallel to the rift (Bellahsen et al., 2013;
Hayward & Ebinger, 1996; Manighetti et al., 2001). While it is typically not feasible to directly map this sys-
tem of faults buried under thick sediment at rifted continental margins, like can be done in active rift settings
(e.g., Hayward & Ebinger, 1996; Manighetti et al., 2001), key diagnostic features can be observed that indi-
cate the presence of a transfer zone at rifted continental margins, including a step over (e.g. lateral offset)
in the volcanic wedge and a change in volcanic wedge volume and distribution on either side of the transfer
zone (Franke et al., 2007).

The change in the modeled volcanic wedge width and thickness near Cape Hatteras, and the lateral offset in
both the ECMA and the modeled volcanic wedge, suggests that a rift transfer zone was present between the
Carolina and Mid‐Atlantic Regions during continental breakup, hereafter referred to as the Hatteras
Transfer Zone (Figure 3). Transfer zones have been observed in some cases to form at preexisting zones of
weakness, such as at suture zones between accreted geologic terranes (Bellahsen et al., 2013; Franke
et al., 2007). The Hatteras Transfer Zone coincides with possible preexisting weaknesses produced by tec-
tonic amalgamation during the construction of Pangaea (Boote & Knapp, 2016; Hatcher, 2002; Lefort &
Max, 1991). The Hatteras Transfer Zone is located just north of the Alleghanian suture zone separating
the pre‐Alleghanian Laurentian terranes to the northwest from the (peri‐)Gondwanan accreted terranes
to the southeast (Figure 2b) (Boote & Knapp, 2016; Hatcher, 2002). It also aligns with an inferred suture zone
between Laurentian terranes and a piece of the Archean West African Craton that has been hypothesized to
underlie the Chesapeake Bay (Figure 2b) (Lefort &Max, 1991); however, others have alternatively suggested
Laurentian crust beneath Chesapeake Bay, precluding the presence of this suture zone (Sheridan et al., 1999).
The Alleghanian suture zone, and/or the possible West African Craton suture, represents preexisting weak-
ness that is spatially correlated with, and could have led to the formation of, the Hatteras Transfer Zone
(Figure 2b). The presence of the BMA in the Carolina Region and absence in the Mid‐Atlantic Region
(Klitgord et al., 1988) provide additional support for the Hatteras Transfer Zone. Suggested magnetic sources
for the BMA imply tectonic and magmatic rift activity (e.g., extension on a suture zone, rift basin formation,
or rift‐related mafic intrusions) in the Carolina Region that does not extend northward into theMid‐Atlantic
Region (e.g., Duff & Kellogg, 2019; Hutchinson et al., 1982; Lizarralde et al., 1994; McBride & Nelson, 1988;
Parker, 2014), and the boundary of this activity could be the Hatteras Transfer Zone.

The coincidence of the Hatteras Transfer Zone, separating the first‐order change in the modeled volcanic
wedge geometry, with an inferred suture zone (Boote & Knapp, 2016; Hatcher, 2010; Lefort & Max, 1991)
shows the possible influence of zones of weakness between amalgamated geologic terranes on the subse-
quent period of rifting and continental breakup. The Hatteras Transfer Zone also represents a key structural
element of the rift that separates the first‐order magmatic segmentation characterized by two regions with
distinct modes of magma emplacement during breakup. The distinct modes of magma emplacement in these
two regions were likely governed by parameters present during continental breakup, including the mantle
temperature and the mode of crustal extension/thinning, can control the amount and distribution of mag-
matism (Figure 5) (e.g., Keir et al., 2013; Koopmann et al., 2014;White et al., 2008;White &McKenzie, 1989).
5.2.2. Along‐Margin Increase in Mantle Temperature
Mantle temperature plays a key role in magma production in rifts (Shuck et al., 2019; White et al., 2008;
White & McKenzie, 1989). Understanding along‐margin changes in mantle temperature and the associated
magma production identify where greater extension accommodation and thermal weakening was present to
enable continental breakup at lower stress (Bialas et al., 2010; Buck, 2004).

Margin‐wide variations in the thickness of our modeled volcanic wedge (Figure 3) suggest that a south to
north increase in mantle temperature could have been present during breakup at the ENAM across the
Hatteras transfer zone, as warmer mantle temperatures can enhance melting to create greater magma pro-
duction and a thicker volcanic package (White et al., 1987). The comparatively thicker modeled volcanic
wedge emplaced over a narrower zone in the Mid‐Atlantic Region could be caused by a higher amount of
melt production related to a warmer mantle temperature beneath this region (Figures 3, 5b, and 5d). The
comparatively wider but thinner modeled volcanic wedge in the Carolina Region could be caused by a lower
amount of melt production related to a cooler mantle temperature beneath this region (Figures 3 and 5b–5d).
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Shuck et al. (2019) use seismic velocities and petrological modeling of the MGL1408 seismic data to infer an
~2‐km increase in the margin crustal thickness and ~10–25°C increase in mantle temperature from south to
north across the zone we call the Hatteras Transfer Zone (Figure 2a). The south to north increase in our
modeled volcanic wedge thickness between the Carolina and Mid‐Atlantic Regions is consistent with this
mantle temperature and crustal thickness trend (Figure 3) (Shuck et al., 2019).

A difference in the prebreakup continental crustal thickness, related to a difference in basement terranes
acquired during the amalgamation of Pangaea, could have been present prior to breakup at the ENAM.
This difference could impact the amount of thermal insulation and the mantle temperature during breakup
(Shuck et al., 2019). The Hatteras Transfer Zone is located just north of the Alleghanian suture zone (Boote &
Knapp, 2016; Hatcher, 2002) (Figure 2b). This suture zone separates the thicker crust (~38 km) of the pre‐
Alleghanian Laurentian terranes, inboard of the Mid‐Atlantic Region, from the thinner crust (~32 km) of
the (peri‐)Gondwanan terranes in the Carolina Region (Marzen et al., 2019). The thicker pre‐Alleghanian
Laurentian crust could provide more thermal insulation that would cause a comparatively higher mantle
temperature in the Mid‐Atlantic Region compared to the Carolina Region (Shuck et al., 2019). This differ-
ence in the thickness of the preexisting continental crust between the Carolina and Mid‐Atlantic Regions
could cause a south to north increase in mantle temperature (Marzen et al., 2019; Shuck et al., 2019), which
we suggest is responsible for the south to north increase in melt production and the related increase in the
thickness of our modeled volcanic wedge (Figure 3).

Along‐margin changes in mantle temperature can also be related to the presence of a mantle plume (Ebinger
& Sleep, 1998). It has been proposed that mantle plumes can induce continental breakup (Courtillot
et al., 1999). Mantle temperatures, and therefore the scale of magmatism, decreases radially from the loca-
tion of a mantle plume (Ebinger & Sleep, 1998; Holbrook & Kelemen, 1993). However, the relatively abrupt
change, rather than systematic decrease, in our modeled volcanic wedge thickness suggest a similar abrupt
change in mantle temperature that is not consistent with a mantle plume (Figures 3 and 4). Furthermore,
while a mantle plume has been proposed to explain the CAMP volcanism and the (either coeval or later)
breakup magmatism at the ENAM (Courtillot et al., 1999; White & McKenzie, 1989; Wilson, 1997), the exis-
tence of this plume has been debated (Marzoli et al., 2018). Available evidence, including magma geochem-
istry data, the timing and extent magmatism, the absence of a crustal thickness anomaly, and a lack of a
Jurassic hotspot track, does not currently support the presence of a mantle plume (Holbrook &
Kelemen, 1993; Kelemen & Holbrook, 1995; Marzoli et al., 2018; McHone, 2000).
5.2.3. Degree of Crustal Extension and Thinning
Variations in the timing and amount of extension localization and crustal thinning can influence the dura-
tion, location, and amount of magma production during continental breakup (e.g., Armitage et al., 2010;
Franke et al., 2007; Keir et al., 2013; Koopmann et al., 2014). The first‐order variations in the width and
thickness of our modeled volcanic wedge (Figure 3) are consistent with a variation in the timing and amount
of extension localization and crustal thinning at the ENAM, and the associated amount and duration
breakup magmatism, between the Carolina and Mid‐Atlantic Regions (e.g., Withjack et al., 2012), with
the Hatteras Transfer Zone accommodating the differences in extension between these two regions.

After a period of broadly distributed extension during the Late Triassic rifting at the ENAM (Figure 5a), crus-
tal extension and thinning became localized near the site of eventual continental breakup and was accom-
modated by magmatism and volcanic wedge emplacement (Withjack et al., 1998). If the timing of extension
localization was synchronous along the southern ENAM, both theMid‐Atlantic and Carolina Regions would
have experienced a similar duration of breakup magmatism, and the first‐order variations in the geometry of
our modeled volcanic wedge would be the result of a different spatial distribution of magmatic emplacement
(Figure 3). In this scenario, the wider modeled volcanic wedge in the Carolina Region would be the result of
a wider zone of magmatic emplacement compared to the narrower volcanic wedge in the Mid‐Atlantic
Region (Figure 5b). However, the first‐order variation in the geometry of our modeled volcanic wedge
(Figure 3) could instead be explained by a temporal difference in magmatic emplacement (Figures 5c and
5d). Onshore rift basin activity and inferred timings of volcanic wedge emplacement suggest that the locali-
zation of crustal extension and initiation of volcanic wedge emplacement along the southern ENAM may
have been diachronous, occurring earlier in the Carolina Trough and later in the Baltimore Canyon
Trough (Schlische et al., 2003; Withjack et al., 2012). The wider zone of volcanic wedge emplacement in
the Carolina Region suggested by our model is consistent with a prolonged period of breakup magmatism
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(Figures 3 and 5c), which would result from an earlier localization of extension (Withjack et al., 2012). This
longer period of breakup magmatism would have also released heat, which could help additionally explain
the inferred lower mantle temperature in the Carolina Region (Shuck et al., 2019). The narrower zone of
modeled volcanic wedge emplacement in the Mid‐Atlantic Region could be caused by a comparatively later
localization of extension and a briefer duration of breakup magmatism, with the narrower lateral extent
causing vertical piling of the volcanic layers and the thicker modeled volcanic wedge in this region
(Figures 3 and 5d). While this magmatic emplacement occurred in the Mid‐Atlantic Region, magmatic
emplacement would have continued to the south in the Carolina Region (Figure 5d). Following volcanic
wedge emplacement in both regions, seafloor spreading began producing oceanic (or protooceanic) crust
outboard of the ECMA (Figure 5e) (Klitgord & Schouten, 1986; Labails et al., 2010; Schettino &
Turco, 2009; Shuck et al., 2019).

Withjack et al. (2012) suggest that the boundary between the diachronous localization of extension and vol-
canic wedge emplacement is located near Chesapeake Bay, occurring earlier to the south and later to the
north. If the variations in the distribution and amount of breakup magmatism between the Carolina and
Mid‐Atlantic Regions are the result of a temporal difference in extension localization, we suggest that this
boundary should instead be located slightly to the south, near Cape Hatteras (Figure 3). This location
coincides with Hatteras Transfer Zone and is just north of an Alleghanian suture zone (Figure 2b) between
the pre‐Alleghanian Laurentian terranes (to the northwest), and the (peri‐)Gondwanan accreted terranes (to
the southeast) (Boote & Knapp, 2016; Hatcher, 2010; Higgins & Zietz, 1983). Marzen et al. (2019) suggest that
the rheology of the thinner Gondwanan terranes, which make up much of the Carolina Region, may have
made the crust in this region easier to extend during the rifting of Pangaea compared to the thicker
pre‐Alleghanian Laurentian terranes that predominantly make up the Mid‐Atlantic Region. The combina-
tion a regional difference in geologic terranes and crustal thickness could have influenced the timing of
extension localization and the associated duration of breakup magmatism (e.g., Withjack et al., 2012), occur-
ring first in the Carolina Region and later in the Mid‐Atlantic Region (Figures 5c and 5d).

5.3. Second‐Order (~50–100 km) Magmatic Segmentation During Breakup at the ENAM

The signature of the current Wilson cycle is present within second‐order magmatic segmentation that devel-
oped during breakup at the ENAM. Amplitude variation (100‐ to 150‐km wavelength) observed in the
ECMA and margin isostatic gravity anomaly suggests that the ENAM is segmented along the margin
(Figure 1a) (Behn & Lin, 2000). Magmatic segmentation at a similar scale is a feature in modern active rifts,
such as the East African Rift and Afar, and indicates along‐strike variations in the amount of magmatism
and tectonic strain available to accommodate the transition to mid‐ocean ridge seafloor spreading
(e.g., Beutel et al., 2010; Ebinger & Casey, 2001; Keir et al., 2013; Kendall et al., 2005; Manighetti et al., 1998,
2001). The along‐margin variations in the width and thickness of our modeled volcanic wedge, which mimic
the 100‐ to 150‐km‐wavelength amplitude variation in the ECMA, suggest that analogous, second‐order
magmatic segmentation was present during breakup at the ENAM (Figures 3–5). This second‐order mag-
matic segmentation exists within the first‐order magmatic segmentation (Figures 3–5), which has similarly
been observed in Afar (Manighetti et al., 2001), suggesting an independent cause for this segmentation.
Following continental breakup, the segmentation of the ensuing Mid‐Atlantic Ridge may have been inher-
ited from the magmatic segmentation at the ENAM (Behn & Lin, 2000).

The cause of second‐order magmatic segmentation in both active rifts and mid‐ocean ridges is thought to be
along‐strike variations inmelt production, tectonic strain, and/ormelt transport (e.g., Geoffroy, 2001; Magde
& Sparks, 1997; Manighetti et al., 1998; Whitehead et al., 1984). Variations in melt production can increase
the amount of magma at the center of each segment and have been attributed to focused upwelling of war-
mer asthenospheric mantle associated with small‐scale convection beneath the center of the discrete seg-
ments (Geoffroy, 2001; Lin et al., 1990). Magmatic segmentation can also be the product of tectonic strain
(Manighetti et al., 2001), with decompression melting and dike intrusions at the segment centers (Ebinger
& Casey, 2001). Alternatively, melt transport at the base of the lithosphere can focus magma into the center
of each segment (e.g., Magde & Sparks, 1997). Melt produced over a wide area rises vertically to the base of
the lithosphere and can be transported along this boundary (Keir et al., 2015; Magde & Sparks, 1997). This
transport process is facilitated by buoyancy driven flow and topography at the base of the lithosphere
(Ebinger & Sleep, 1998). Topography at the base of the lithosphere can be induced by variations in the
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amount of extension and thinning, which creates locally shallower points beneath the segment centers to
facilitate melt focusing (Shillington et al., 2009).

The second‐order magmatic segmentation at the ENAM during breakup could be explained by focused
upwelling in the asthenosphere, tectonic strain, and/or magma transport at the base of the lithosphere.
While it is difficult to identify which of these processes were present at the ENAM during breakup based
solely on magnetic modeling of the volcanic wedge, these processes have been inferred to cause analogous
segmentation at other rifts worldwide and could have plausibly been present at the ENAM. Focused upwel-
ling has been proposed as a mechanism causing modern magmatic segmentation in the Afar depression of
the East African Rift (Gallacher et al., 2016; Hammond et al., 2013), the Gulf of California (Wang et al., 2009),
and mid‐ocean ridges (Lin et al., 1990; Schouten et al., 1985; Sempéré et al., 1993; Whitehead et al., 1984).
Magmatic segmentation documented in Afar has also been attributed to tectonic strain (Manighetti
et al., 2001). Melt transport at the base of the lithosphere has been proposed to cause magmatic segmentation
in the East African Rift (Keir et al., 2015), the eastern Black Sea (Shillington et al., 2009), and mid‐ocean
ridges (Magde & Sparks, 1997).

The consistency in the along‐strike length scale of the second‐order segmentation is intrinsically related to
the underlying mechanism at the rift (e.g., Lin et al., 1990; Magde & Sparks, 1997), and the fairly regular
100‐ to 150‐km spacing of the second‐order segmentation in our magnetic modeling (Figures 3 and 4)
provides insight into the scale and regularity of the causative mechanism along the ENAM. If the
second‐order magmatic segmentation at the ENAM was caused by focused asthenospheric upwelling, the
second‐order volcanic wedge segments in our modeling (Figure 3) indicate the location and periodicity of
small‐scale convection cells that developed in the underlying asthenosphere during breakup
(e.g., Geoffroy, 2001). Alternatively, if the second‐order magmatic segmentation was produced by tectonic
strain, the second‐order volcanic wedge segments (Figure 3) indicate the distribution of tectonic strain
and dike intrusion during breakup (e.g., Ebinger & Casey, 2001). Finally, if the second‐order magmatic seg-
mentation was caused by melt transport at the base of the lithosphere, the second‐order volcanic wedge seg-
ments identify where the melt was focused (Figure 3) and may indicate locations that experienced greater
extension and thinning during rifting (e.g., Shillington et al., 2009).

The length scales of the segmentation in mid‐ocean ridges and the magmatic segmentation observed in rifts
are equivalent, which indicates that the segmentation of the spreading centers may be inherited from the
rifting and breakup process (e.g., Behn & Lin, 2000; Beutel et al., 2010; Hayward & Ebinger, 1996).
Mid‐ocean ridge transform faults can originate from both rift transfer zones, related to preexisting zones
of weakness at the suture zones between geologic terranes accreted during previous Wilson cycles, and from
the magmatic segmentation present during breakup (Bellahsen et al., 2013; Franke et al., 2007). At the
ENAM, both the Hatteras Transfer Zone, separating the first‐order magmatic segmentation, and the
second‐order magmatic segmentation present during breakup likely influenced the segmentation and trans-
form fault formation in the ensuing Mid‐Atlantic Ridge.

At the ENAM, the Hatteras Transfer Zone may have facilitated the inheritance of a Mid‐Atlantic Ridge
transform fault from preexisting structure (i.e., zones of weakness associated with suture zones), as has been
hypothesized for rifted continental margins worldwide (e.g., Bellahsen et al., 2013; Franke et al., 2007). The
landward extrapolation of the Northern Kane Fracture Zone (Klitgord & Schouten, 1986) and offsets in the
linear magnetic anomalies between the ECMA and BSMA (Greene et al., 2017) intersect the ENAM just
north of Cape Hatteras, coincident with the Hatteras Transfer Zone (Figures 1b and 3) and near inferred
suture zones between geologic terranes associated with the Alleghanian continental collision (Figure 2b)
(Boote & Knapp, 2016; Hatcher, 2002; Lefort & Max, 1991). The spatial relation of these features suggests
that the Mid‐Atlantic Ridge transform fault offset producing the Northern Kane Fracture Zone may have
been inherited from preexisting structure associated with the continental collisions that built Pangaea,
and this inheritance was facilitated by the Hatteras Transfer Zone during breakup.

Numerous transform faults of the early and modern Mid‐Atlantic Ridge may have formed from the
second‐order magmatic segmentation during breakup at the ENAM (Figure 3). The second‐order magmatic
segmentation suggested by our modeling, and the ECMA amplitude variation, exists on a similar length
scale to the Mid‐Atlantic Ridge segmentation (Behn & Lin, 2000). The landward extrapolation of many
Atlantic fracture zones (Klitgord & Schouten, 1986) aligns with offsets in the linear magnetic anomalies
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between the ECMA and BSMA (Greene et al., 2017), suggesting that these fracture zones persist back to the
margin. These fracture zones also intersect the margin between, or close to, our modeled volcanic wedge seg-
ments and the Hatteras Transfer Zone (Figures 1b, 3, and 4). The combination of similar segmentation scales
and coincident fracture zone locations suggests that the ensuing spreading center segmentation, which per-
sists in the modern Mid‐Atlantic Ridge, was inherited from the magmatic segmentation during breakup at
the ENAM (Figure 5e) (e.g., Behn & Lin, 2000). This genetic relationship between breakup and seafloor
spreading at the ENAM supports the hypothesis that mid‐ocean ridge segmentation develops from the mag-
matic segmentation and transfer zones associated with continental breakup, linking the rifting and seafloor
spreading stages of the Wilson cycle (e.g., Bellahsen et al., 2013; Beutel et al., 2010; Collier et al., 2017;
Hammond et al., 2013; Hayward & Ebinger, 1996; Keranen et al., 2004).

6. Conclusions

The results of our three‐dimensional magnetic modeling suggest that the ECMA is produced by a combi-
nation of first‐order (~600–1,000 km) and second‐order (~50–100 km) magmatic segmentation, indicating
along‐margin variations in the distribution and amount of the magmatism that drove continental
breakup at the ENAM. The two regions representing the first‐order magmatic segmentation were likely
separated by a rift transfer zone (here called the Hatteras Transfer Zone) and could be related to differ-
ences in mantle temperature and/or the timing and amount of crustal extension/thinning, both of which
are probably governed by preexisting variations in crustal thickness and rheology developed during the
tectonic amalgamation of Pangaea. The second‐order magmatic segmentation likely represents along‐
margin variations in magma production and/or transport during breakup at the ENAM. Using a
margin‐wide investigation approach, we augmented the previously proposed model that the magmatic
segmentation during breakup likely influenced the segmentation and transform fault spacing of the
initial, and modern, Mid‐Atlantic Ridge. Our study highlights the strength of magnetic anomaly data,
which has a more extensive and continuous coverage than other data types, as a prime tool to compre-
hensively investigate the margin‐wide, three‐dimensional distribution and amount of magmatism at rifted
continental margins.

Data Availability Statement

Data used in this study are available from U.S. Geological Survey Open‐File Reports 94‐637 (Klitgord
et al., 1994), 97‐27 (Hutchinson et al., 1995), and 02‐414 (Bankey et al., 2002). See supporting information
for additional magnetic modeling results used in this study.
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