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ABSTRACT 

 

The formation and evolution of Mesozoic-age oceanic lithosphere documents the 

processes leading to the modern distribution of continents and ocean basins starting with 

the breakup of Pangaea, and plays an important role in global geochemical cycling. My 

dissertation research uses geophysical data to investigate two themes pertaining to the 

formation and evolution of Mesozoic-age oceanic lithosphere: (i) the Jurassic/Early 

Cretaceous continental breakup at the Eastern North American Margin (ENAM) and 

ensuing seafloor-spreading of the early Atlantic Ocean, and (ii) the construction of the 

deep-ocean sedimentary section in the Jurassic-age northwestern Pacific. To address the 

first theme, we analyzed and modeled magnetic anomaly data to understand both the 

mode of magmatism that facilitated continental breakup at the ENAM and the early 

seafloor spreading history of the Atlantic Ocean. Studying continental breakup and 

seafloor spreading provides insight into the initial formation of Mesozoic-age oceanic 

lithosphere, and the role this lithosphere plays in the progression of Wilson Cycles. Key 

findings from this research include: (1) both first- and second-order magmatic 

segmentation, representing variations in the amount and distribution of magmatism, 

were present to drive continental breakup at the ENAM; (2) variations in breakup 

magmatism could have been influenced by preexisting structure acquired during 

previous Wilson Cycles, and likely governed the segmentation and transform fault 

spacing of the ensuing Mid-Atlantic Ridge; (3) five newly identified magnetic anomalies 

can be correlated along the ENAM that may document the initial oceanic lithosphere 



 

iii 

 

formation of the Atlantic Ocean; and (4) a reorientation of the early Mid-Atlantic Ridge, 

accommodated by asymmetric crustal accretion, can explain the difference in spreading 

center strike between the initial and modern Mid-Atlantic Ridge. To address the second 

theme, we interpreted multi-channel seismic reflection data from the northwestern 

Pacific to investigate the construction of the sedimentary section during the evolution of 

Mesozoic-age oceanic lithosphere, and the role of this sediment in global geochemical 

cycling. Results from this research suggest that a period of seafloor erosion impacted the 

sedimentary section, which would reduce the amount of chemical sequestration 

occurring in deep-ocean sediment during global geochemical cycles. 
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1. INTRODUCTION  

 

Mesozoic-age oceanic lithosphere represents the oldest oceanic lithosphere 

currently present on Earth, serving as a 180 Myr record of the geologic processes 

influencing Earths history (Müller et al., 2008). The formation of Mesozoic-age oceanic 

lithosphere records the breakup of the most recent supercontinent, Pangaea (Wilson, 

1966; Peace et al., 2019), and the plate tectonic activity producing the modern 

distribution of continents and ocean basins (Müller et al., 2016). The evolution of 

oceanic lithosphere plays a key role in geochemical cycling (Elderfield et al., 1999; 

Tréguer & De La Rocha, 2013), with the sedimentary sections of oceanic lithosphere 

serving as a major sink in global geochemical cycles (DeMaster, 2001; Renaudie, 2016). 

Modern documentation of the formation and evolution of Mesozoic-age oceanic 

lithosphere is limited to rifted continental margins (Bradley, 2008; Buiter & Torsvik, 

2014), the Mesozoic-age sections of the world’s oceans (Larson & Chase, 1972; 

Boshchman & Van Hinsbergen, 2016), and accretionary orogens and ophiolites 

(Bortolotti & Principi, 2005; Kusky et al., 2013), providing a window into Earths history 

that is not available in the more widespread, younger oceanic lithosphere (Müller et al., 

2008).  

In my research, I use geophysical data from rifted continental margins and ocean 

basins to address two overarching themes regarding the formation and evolution of 

Mesozoic-age oceanic lithosphere. First, I investigate the continental breakup at the 

Eastern North American Margin (ENAM) and ensuing formation of Mesozoic-age 
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oceanic lithosphere in the early Atlantic Ocean at the start of the current Wilson Cycle. 

Second, I investigate the evolution of the deep-ocean sedimentary section of the 

Mesozoic-age oceanic lithosphere in the northwestern Pacific Ocean. The results of my 

research are discussed in Sections II-IV of this dissertation. 

Section II investigates the Jurassic and Cretaceous seafloor-spreading regime of 

the early Atlantic Ocean following continental breakup at the ENAM using an integrated 

geophysical dataset. Results refine the history of crustal formation and the tectonics 

associated with the early Atlantic opening. This research has been published in the 

Journal of Geophysical Research: Solid Earth (J. A. Greene, M. Tominaga, N. C. Miller, 

D. R. Hutchinson, & M. R. Karl, 2017, Refining the Formation and Early Evolution of 

the Eastern North American Margin: New Insights From Multiscale Magnetic Anomaly 

Analyses, doi:10.1002/2017JB014308). 

Section III investigates the magmatic activity that facilitated the Jurassic breakup 

of Pangaea and transition to seafloor spreading at the ENAM using three-dimensional 

magnetic anomaly modeling. Results indicate the presence of along-margin variations in 

the amount and distribution of the magmatism that were likely related to both the 

previous (continental collision) and subsequent (seafloor spreading) stages of the Wilson 

Cycle. This research has been submitted to the Journal of Geophysical Research: Solid 

Earth (J. A. Greene, M. Tominaga, & N. C. Miller, Along-Margin Variations in Breakup 

Volcanism at the Eastern North American Margin, manuscript #2020JB020040). 

Section IV investigates the construction of the sedimentary section of the 

Jurassic-age oceanic lithosphere in the northwestern Pacific using multi-channel seismic 
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data. Results suggest a period of erosion on the paleo-seafloor that indicates a departure 

from the conventional pelagic sedimentation and diagenesis expected for this area, and a 

reduction in the amount of chemical sequestration during geochemical cycles. This 

research has been submitted to the Marine Geology (J. A. Greene, D. Lizarralde, M. 

Tominaga, & M. A. Tivey, Deep-ocean paleo-seafloor erosion in the northwestern 

Pacific identified by high-resolution seismic images, manuscript #MARGO-D-20-

00142). 

Section V summarizes and highlights the conclusions of the studies included 

within this dissertation. 
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2. REFINING THE FORMATION AND EARLY EVOLUTION OF THE EASTERN 

NORTH AMERICAN MARGIN: NEW INSIGHTS FROM MULTISCALE 

MAGNETIC ANOMALY ANALYSES* 

 

2.1. Overview 

To investigate the oceanic lithosphere formation and early seafloor spreading 

history of the North Atlantic Ocean, we examine multiscale magnetic anomaly data from 

the Jurassic/Early Cretaceous age Eastern North American Margin (ENAM) between 31-

40°N. We integrate newly acquired sea surface magnetic anomaly and seismic reflection 

data with publicly available aeromagnetic and composite magnetic anomaly grids, 

satellite-derived gravity anomaly, and satellite-derived and shipboard bathymetry data. 

We evaluate these data sets to: (1) refine magnetic anomaly correlations throughout the 

ENAM and assign updated ages and chron numbers to M0-M25 and eight pre-M25 

anomalies; (2) identify five correlatable magnetic anomalies between the East Coast 

Magnetic Anomaly (ECMA) and Blake Spur Magnetic Anomaly (BSMA), which may 

document the earliest Atlantic seafloor spreading or syn-rift magmatism; (3) suggest pre-

existing margin structure and rifting segmentation may have influenced the seafloor 

spreading regimes in the Atlantic Jurassic Quiet Zone (JQZ); (4) suggest that, if the 

BSMA source is oceanic crust, the BSMA may be M-series magnetic anomaly M42 

 

* Reprinted with permission from “Refining the formation and early evolution of the Eastern North 

American Margin: New insights from multiscale magnetic anomaly analyses” by John A. Greene, Masako 

Tominaga, Nathaniel C. Miller, Deborah R. Hutchinson, & Matthew R. Karl, 2017. Journal of 

Geophysical Research: Solid Earth, 122, 11, 8724-8748, Copyright 2017 by American Geophysical Union. 
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(~168.5 Ma); (5) examine the along and across margin variation in seafloor spreading 

rates and spreading center orientations from the BSMA to M25, suggesting asymmetric 

crustal accretion accommodated the straightening of the ridge from the bend in the 

ECMA to the more linear M25; and (6) observe anomalously high amplitude magnetic 

anomalies near the Hudson Fan, which may be related to a short-lived propagating rift 

segment that could have helped accommodate the crustal alignment during the early 

Atlantic opening. 

 

2.2. Introduction 

The Eastern North American Margin (ENAM) (Fig. 2.1) was formed by the 

opening of the North Atlantic Ocean following the rifting of the last supercontinent, 

Pangaea (Wilson, 1966). Advancing knowledge on the structure and development of the 

ENAM is critical for understanding not only the formation and evolution of passive 

margins (Sheridan, 1989; Withjack et al., 1998) but also the early opening history of the 

Atlantic Ocean (Vogt, 1973; Klitgord & Schouten, 1986; Bird et al., 2007; Schettino & 

Turco, 2009; Labails et al., 2010; Kneller et al., 2012; Biari et al., 2017). Furthermore, 

the rift-drift transition of the ENAM was coincident with and may have been triggered 

by the volcanism of the Central Atlantic Magmatic Province (CAMP) (Marzoli et al., 

1999; Olsen et al., 2003; Schlische et al., 2003), which is also thought to be associated 

with a mass extinction event at the Triassic-Jurassic boundary (Nomade et al., 2007). 

Additionally, the architecture of the ENAM influences the prevalence and distribution of 

geohazards, including earthquakes and submarine landslides (Embley & Jacobi, 1986; 
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Folger, 1988; Chaytor et al., 2007; Chapman & Beale, 2010), and the origin and extent 

of natural resources (Dillon et al., 1986; Mattick & Libby-French, 1988; Riggs & 

Manheim, 1988).  

M-series (Mesozoic) magnetic anomalies have been critical in characterizing the 

formation history of the ENAM. Many studies have identified M-series magnetic 

anomalies in the ENAM and western North Atlantic from M0 to M25, suggesting a slow 

spreading regime and an absence of ridge jumps (e.g. Klitgord & Schouten, 1986; Vogt, 

1986; Sundvik & Larson, 1988; Müller et al., 1997; Bird et al., 2007; Schettino & Turco, 

2009; Labails et al., 2010; Tominaga & Sager, 2010a, 2010b). For the earlier stage of the 

ENAM formation, however, only a few studies could extend magnetic anomaly 

identifications beyond anomaly M25 into the Atlantic Jurassic Quiet Zone (JQZ) (Barrett 

& Keen, 1976; Bird et al., 2007) due to the low amplitude magnetic anomalies that cause 

difficulty in identification (Fig. 2.1a) (Vogt et al., 1970; Larson & Pitman, 1972; Vogt, 

1986; Bird et al., 2007). Furthermore, a notable change in magnetic anomaly strike is 

present from the significant bend in the East Coast Magnetic Anomaly (ECMA) offshore 

the New York Bight to the more linear M25 (Fig. 2.1a) (Klitgord & Schouten, 1986); 

however, the origin of the apparent straightening has yet to be explained. Additionally, 

early along and across margin seafloor spreading rates and patterns during the formation 

of the Atlantic JQZ have not been comprehensively examined, despite the seafloor 

formation between rifting and the more thoroughly studied M0-M25 region being a 

significant piece of the early Atlantic opening history.  
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Figure 2.1 Geophysical data for the Eastern North American Margin: (a) 

EMAG2v3 composite magnetic anomaly grid (Meyer et al., 2016); (b) ETOPO1 

satellite-derived bathymetry grid (Amante et al., 2009) contoured every 500 m; (c) 

Satellite-derived gravity anomaly grid (Sandwell et al., 2014); and (d) Satellite-

derived vertical gravity gradient grid (Sandwell et al., 2014). Prominent features 

labeled: New York Bight, East Coast Magnetic Anomaly (ECMA), Blake Spur 

Magnetic Anomaly (BSMA), New England Seamount Chain (NESC), and island of 

Bermuda. White arrows show extent of the Inner Magnetic Quiet Zone (IMQZ) 

and Outer Magnetic Quiet Zone (OMQZ) subdivisions of the Atlantic JQZ, and 

M0-M25. White dashed circles indicate anomalous magnetic features, including the 

Hudson Fan Magnetic Anomaly High (HFMAH). Thick black lines indicate M-

Series magnetic anomaly lineations M0 and M25. Dashed black lines are fracture 

zone picks of Klitgord and Schouten (1986). Solid black lines denote fracture zones 

referenced in this study: Blake Spur (BSFZ), Kane (KFZ), Northern Kane (NKFZ), 

Delaware Bay (DBFZ), New York Bight (NYBFZ), Long Island (LIFZ), and 

Atlantis (AFZ) (Klitgord & Schouten, 1986). Thin grey contours indicate BSMA 

(Klitgord & Schouten, 1986). 
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The prerift history of the eastern margin of the North American continent is 

likely to be an influence on the amount of volcanic activity experienced during 

continental breakup (Keen & Potter, 1995a) and the localization of rifting near the 

modern continental shelf (Manspeizer, 1988; Dunbar & Sawyer, 1989; Sheridan et al., 

1993). The eastern edge of the North American Continent has experienced several cycles 

of tectonic collision and rifting throughout its formation history (e.g. Wilson, 1966; 

Manspeizer, 1988), resulting in a complex crustal structure from the accretion of terranes 

over time (Hatcher, 1989; Horton et al., 1989; Hatcher, 2010). However, the influence of 

preexisting structure on the subsequent seafloor spreading of the early Atlantic opening 

(e.g. Sawyer, 1985; Behn & Lin, 2000), particularly within the low amplitude magnetic 

anomaly region of the Atlantic JQZ, has not been extensively investigated.  

In this study, we examine the magnetic anomalies of the ENAM and western 

Atlantic to refine our understanding of the early Atlantic seafloor spreading regimes and 

influence of preexisting margin structure. We use recently collected (Arsenault et al., 

2017) and archived seasurface magnetic data from the National Centers for 

Environmental Information (NCEI) (www.ncei.noaa.gov), aeromagnetic (Zietz, 1982; 

Bankey et al., 2002), and the newly available high-quality EMAG2v3 (version 3) global 

magnetic anomaly grid compiling satellite, aeromagnetic, and shipboard magnetic data 

(Meyer et al., 2016). We integrate these data with newly acquired multichannel seismic 

(MCS) data (Arsenault et al., 2017), and satellite-derived gravity (Sandwell et al., 2014) 

and bathymetry grids (Butman et al., 2006; Amante et al., 2009; Andrews et al., 2016) 

(Figs. 2.1, 2.2). Based on magnetic anomaly analyses, we estimate seafloor spreading 
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rates and patterns in the Outer Magnetic Quiet Zone (OMQZ) of the Atlantic JQZ 

between the Blake Spur Magnetic Anomaly (BSMA) and M25 (Fig. 2.1a) (Klitgord & 

Grow, 1980) and from M0-M25, revealing, for the first time, a more comprehensive 

view on the pre-M25 stage of seafloor spreading. We also identify correlatable magnetic 

anomalies in the Inner Magnetic Quiet Zone (IMQZ) of the Atlantic JQZ between the 

ECMA and BSMA (Fig. 2.1a) (Klitgord & Grow, 1980) that have not previously been 

identified or discussed. We provide our georeferenced, digital magnetic anomaly data to 

the wider community for use in future studies. 

 

2.3. Background 

2.3.1. ENAM marine magnetic anomalies 

Marine magnetic anomalies in the ENAM and western North Atlantic basin are 

one of the key observational datasets for understanding the formation and evolution of 

oceanic lithosphere during the Atlantic opening (Fig. 2.1a, 2.2). Deciphering magnetic 

anomaly character provides insight into the tectonic framework of the ENAM, including 

prominent features like the ECMA and BSMA, the low amplitude magnetic anomaly 

region of the Atlantic JQZ, and the M-series magnetic anomalies M0-M25 (Fig. 2.1a, 

2.2). 



 

10 

 

 

Figure 2.2 Magnetic anomaly data and correlations of Eastern North American Margin: (a) EMAG2v3 composite 

magnetic anomaly grid (Meyer et al., 2016) with recently collected (Arsenault et al., 2017) and archived shipboard 

magnetic anomaly profiles from the NCEI overlain in grey. Red lines outline IMQZ and OMQZ of the New England, 

Mid-Atlantic, and Carolina Regions. Black lines indicate M-Series magnetic anomaly lineations M0 and M25. Select 

profiles used in age/chron assignment and spreading rate calculations shown in black. Profiles 1, 2, 4, 5, and 7 consist of 

multiple segments concatenated together (see Fig. 2.4). (b) EMAG2v3 composite magnetic anomaly grid (Meyer et al., 

2016) with magnetic anomaly correlations overlain. Solid black lines show select M-series magnetic anomaly lineations, 

with dashed sections denoting areas where there was difficulty tracing the lineations using the EMAG2v3 grid. Dots 

indicate location of corresponding magnetic anomalies on seasurface magnetic anomaly profiles. In IMQZ, solid lines 

indicate interpreted magnetic anomalies IMA1-5 (black- peaks; white- troughs). Red lines denote boundaries of the 

New England, Mid-Atlantic, and Carolina Regions. Dashed brown lines mark interpreted offsets in IMQZ magnetic 

anomalies IMA1-5. 
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Figure 2.3 East Coast Magnetic Anomaly segmentation and Inner Magnetic Quiet Zone magnetic correlations: (a) 

EMAG2v3 composite magnetic anomaly grid (Meyer et al., 2016) with scale altered to highlight range of ECMA. 

ECMA contours in light gray showing segmentation (Klitgord & Schouten, 1986). Dashed black lines are fracture zone 

picks of Klitgord & Schouten (1986). Brown lines mark interpreted offsets in IMQZ magnetic anomalies IMA1-5. Black 

box shows location of panel 2.3b. (b) Close up of the IMQZ of the Carolina Region (see 2.3a for location). Overlays are 

recently collected (Arsenault et al., 2017) and archived shipboard magnetic anomaly profiles from the NCEI. Solid lines 

show interpreted magnetic anomalies IMA1-5 (black- peaks; white- troughs). Dots indicate location of corresponding 

magnetic anomalies on seasurface magnetic anomaly profiles (Fig. 2.2a). Brown lines mark interpreted offsets in IMQZ 

magnetic anomalies IMA1-5. Profiles b, c, and d make up Profile 1 (Fig. 2.2). (c) Correlation of magnetic anomalies 

IMA1-5 on select profiles within the IMQZ of the Carolina Region. Dashed lines show magnetic anomaly correlations 

(black- peaks; white- troughs). ECMA and BSMA labeled. Magnetic anomaly profiles a-f correspond to profiles in 

panel 2.3b. 
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The ECMA is a high amplitude, positive magnetic anomaly that follows the 

margin for 2,500 km, near the edge of the continental shelf, from offshore Georgia (at 

the Blake Spur Fracture Zone) to Nova Scotia (Fig. 2.1a) (Keller et al., 1954; Klitgord & 

Schouten, 1986; Keen & Potter, 1995b). The ECMA displays segmentation along its 

length, represented by a series of magnetic anomaly highs separated by zones of 

relatively lower amplitude (Fig. 2.3a) (Klitgord & Schouten, 1986; Behn & Lin, 2000; 

Wyer & Watts, 2006). The ECMA has been thought to represent the continent ocean 

transition (Klitgord & Behrendt, 1978; Klitgord et al., 1988; Tréhu et al., 1989; Austin et 

al., 1990), and has been attributed to a late Paleozoic Alleghanian suture (McBride & 

Nelson, 1988) or seaward dipping reflectors (SDRs) formed by the emplacement and 

subsidence of volcanic layers during continental breakup (Austin et al., 1990; Oh et al., 

1995; Keen & Potter, 1995b; Talwani et al., 1995; Lizarralde & Holbrook, 1997; 

Talwani et al., 2000; Benson, 2003). Various ages have been proposed for the ECMA, 

with Klitgord & Schouten (1986) extrapolating an age of 175 Ma, while Benson (2003) 

suggested an updated age based on more recent geomagnetic timescales of 172 Ma to 

179 Ma. A possible conjugate to the ECMA, the lower amplitude West African Coast 

Magnetic Anomaly, exists on the northwest African margin (Klitgord & Schouten, 1986; 

Sahabi et al., 2004; Labails et al., 2010). 

The BSMA is another high amplitude, positive magnetic anomaly in the Atlantic 

JQZ located 150-250 km to the east and oriented parallel to the ECMA, diminishing 

around 39°N (Fig. 2.1a) (Taylor et al., 1968; Vogt et al., 1970; Klitgord & Schouten, 

1986). The origin of this magnetic anomaly is unknown, but is thought to play a key role 
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in the early Atlantic opening (Vogt, 1973; Klitgord & Schouten, 1986; Bird et al., 2007; 

Schettino & Turco, 2009; Labails et al., 2010; Kneller et al., 2012). Like the ECMA, the 

BSMA is segmented along its length (Fig. 2.1a) (Klitgord et al., 1986). Klitgord & 

Schouten (1986) extrapolated an age of 170 Ma for the BSMA, while Benson (2003) 

suggested an updated age based on more recent geomagnetic timescales of 168 Ma to 

171 Ma. A possible conjugate to the BSMA, the African Blake Spur Magnetic Anomaly, 

has been proposed for the northwest African margin (Sahabi et al., 2004; Labails et al., 

2010). 

The Atlantic JQZ is a zone of low amplitude magnetic anomalies between the 

ECMA and M25 (Fig. 2.1a) (Vogt et al., 1970; Larson & Pitman, 1972; Vogt, 1986). 

The low magnetic anomaly amplitudes of the Atlantic JQZ have been attributed to a low 

intensity geomagnetic field rapidly reversing polarity and/or a low paleomagnetic 

latitude for the plate at the time of crustal formation (Larson & Pitman, 1972; Tivey et 

al., 2006; Tominaga & Sager, 2010a). The Atlantic JQZ can further be subdivided into 

two zones of low amplitude magnetic anomalies: the IMQZ and OMQZ (Fig. 2.1a) 

(Klitgord & Grow, 1980). The IMQZ of the Atlantic JQZ is an approximately 100 km 

wide (west to east) zone between the ECMA and BSMA (Figs. 2.1a, 2.3b) (Vogt et al., 

1971; Klitgord & Grow, 1980). Ages for the crust in the IMQZ are inferred to be older 

than 170 Ma, possibly as old as 190 Ma (Vogt, 1973; Barrett & Keen, 1976; Klitgord & 

Schouten, 1986; Vogt, 1986; Sheridan, 1987; Bird et al., 2007; Schettino & Turco, 2009; 

Labails et al., 2010). Furthermore, while the nature of the IMQZ crust is still unknown, 

Bird et al. (2007) proposed the IMQZ is composed with oceanic crust based on their 
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observation of subtle linear trends in the second vertical gradient of the total magnetic 

field intensity within the IMQZ oriented subparallel to the ECMA and BSMA, which 

could be the result of seafloor spreading.  

The OMQZ of the Atlantic JQZ is an approximately 200-350 km wide (west to 

east) region between the BSMA to M25, becoming narrower from south to north (Fig. 

2.1a) (Klitgord & Grow, 1980). Low amplitude pre-M25 M-series magnetic anomalies 

are not as easily identified in the OMQZ, compared to the M0-M25 anomalies to the 

east, with only a few studies proposing magnetic anomaly identifications in the OMQZ, 

such as Barrett and Keen (1976) (M26-M28; north of the New England Seamount 

Chain) and Bird et al. (2007) (M28, M29, M32, and M40).  

M-series magnetic anomalies from M0 to M25 are widely accepted in the North 

Atlantic (Fig. 2.2) (e.g. Schouten & Klitgord, 1977; Klitgord & Schouten, 1986; Vogt, 

1986; Sundvik & Larson, 1988; Müller et al., 1997; Bird et al., 2007; Schettino & Turco, 

2009; Labails et al., 2010; Tominaga & Sager, 2010a, 2010b), with the magnetic 

anomaly correlations of most later studies based on the correlations of Klitgord and 

Schouten (1986). Magnetic anomalies M0-M25 are also widely identified on the 

conjugate northwest African margin (Rona et al., 1970; Klitgord & Schouten, 1986; 

Verhoef et al., 1990; Roest et al., 1992; Labails et al., 2010), and some pre-M25 

anomalies have been identified (Roeser et al., 2002; Bird et al., 2007), suggesting the 

Atlantic JQZ does contain correlatable magnetic anomalies. 

In addition to the prominent magnetic anomalies (ECMA, BSMA), low 

amplitude magnetic anomaly regions (Atlantic JQZ, IMQZ, and OMQZ), and M0-M25 
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magnetic anomalies, there are distinct, high amplitude, ellipsoidal magnetic anomalies 

within the Atlantic JQZ that have not yet been investigated, despite being present in 

older magnetic anomaly data (Fig. 2.1a, 2.2) (e.g. Klitgord & Behrendt, 1977; Zietz, 

1982; Bankey et al., 2002; Meyer et al., 2016). Two distinct ellipsoidal magnetic 

anomaly highs, coinciding with the location of the Hudson Fan (hereafter called the 

Hudson Fan Magnetic Anomaly Highs (HFMAH)), are located ~620 km southeast of the 

New York Bight, with amplitudes much higher than the surrounding Atlantic JQZ and 

similar to the magnetic anomalies of Bermuda (Vogt, 1986) and the New England 

Seamount Chain (Duncan, 1984) (Figs. 2.1a, 2.2). However, no significant gravity 

anomaly highs has been identified in conjunction with the HFMAH (Figs. 2.1c, 2.1d), 

suggesting that a substantial igneous addition by late-stage magmatism, like Bermuda 

and the New England Seamount Chain, is unlikely to be the cause of the HFMAH. 

 

2.3.2. Fracture zones and tectonic inheritance at the North Atlantic Margin 

Fracture zones, recording approximate plate motion and spreading axis 

segmentation, are prevalent throughout the North Atlantic, and are identifiable by lateral 

offsets of magnetic anomaly lineations, as well as in gravity and bathymetry data (Fig. 

2.1) (Vogt et al., 1971; Schouten & White, 1980; Müller & Roest, 1992; Klitgord & 

Schouten, 1986; Tucholke & Schouten, 1988; Bird et al., 2007; Schettino & Turco, 

2009; Labails et al., 2010). Klitgord and Schouten (1986) determine the locations of 

fracture zones by offsets in their identified magnetic anomaly lineations from the Mid-

Atlantic Ridge to M25, and extend the trend of these identified fracture zones landward 
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from M25 to the segmentation along the ECMA (Fig. 2.1a). Schettino and Turco (2009) 

find that the landward extension of these fracture zones in the OMQZ are consistent with 

the direction of seafloor spreading predicted by their plate reconstruction model, but not 

further landward to the ECMA through the IMQZ, possibly suggesting an unknown 

change in seafloor spreading rate and/or direction in the vicinity of the BSMA. 

Furthermore, Labails et al. (2010) do not find reliable indications of fracture zone 

directions in the IMQZ.  

Many landward extensions of identified fracture zones intersect the margin 

between ECMA and isostatic gravity anomaly segments (Fig. 2.3a), which may indicate 

a relation to structural segmentation of the margin during rifting (Klitgord et al., 1988; 

Behn & Lin, 2000; Wyer & Watts, 2006). The amount of extension during rifting might 

have been reduced in some areas along the margin from preexisting structural zones of 

weakness arising from tectonic inheritance (e.g. Manspeizer, 1988; Sheridan et al., 

1993). Along margin structural segmentation during continental rifting at the ENAM, 

represented by segmentation in the ECMA and margin wide isostatic gravity anomaly, is 

suggested to be the result of variations in both the strength of the continental lithosphere 

and igneous underplating (Behn & Lin, 2000; Wyer & Watts, 2006), and may be directly 

related to the formation of incipient fracture zones and the current Mid-Atlantic Ridge 

segmentation (e.g. Sawyer, 1985; Dunbar & Sawyer, 1989; Behn & Lin, 2000).  
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2.3.3. ENAM formation scenarios 

Continental rifting and early Atlantic opening forming the ENAM was 

diachronous, with the rifting to seafloor spreading transition occurring earlier offshore 

the southeastern United States (~200 Ma) than offshore Canada (~185 Ma) (Klitgord & 

Schouten, 1986; Manspeizer, 1988; Withjack et al., 1998; Kneller et al., 2012). The 

southern ENAM (south of Nova Scotia) experienced voluminous magmatism during 

rifting, creating a volcanic margin, while to the north of Nova Scotia, the margin 

transitions from volcanic to nonvolcanic, marked by the termination of the ECMA and 

SDRs (Keen & Potter, 1995a, 1995b; Kelemen & Holbrook, 1995; McHone, 2000; Van 

Avendonk et al., 2006; Biari et al., 2017).  

There have been two major scenarios proposed for the ENAM and early Atlantic 

formation: (1) a ridge jump (or two ridge jumps) (Vogt, 1973; Klitgord & Schouten, 

1986; Vogt, 1986; Bird et al., 2007; Schettino & Turco, 2009; Kneller et al., 2012), or 

(2) a drastic change in spreading rate and direction (Sahabi et al., 2004; Labails et al., 

2010). The origin of the BSMA differs in each of these scenarios. In the eastward ridge 

jump from within the IMQZ to the BSMA scenario, the BSMA would be formed by 

either the basement relief associated with the juxtaposition of crust the age of the ridge 

jump with comparatively older crust at the eastern edge of the IMQZ (Klitgord & Grow, 

1980), or by a sliver of the African margin continental crust and igneous intrusives 

isolated by the ridge jump (Vogt, 1973). Alternatively, in the drastic change in seafloor 

spreading rate and direction scenario, the BSMA would be formed by the basement 

relief associated with this spreading change (Labails et al., 2010). In addition to the 
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suggested BSMA ridge jump, Bird et al. (2007) adds a second, westward ridge jump in 

the OMQZ between 164 and 159 Ma, possibly corresponding with the onset of seafloor 

spreading in the Gulf of Mexico (Van Avendonk et al., 2015).  

 

Table 2.1 Proposed half spreading rates for the early Atlantic compiled from 

previous studies (Klitgord & Schouten, 1986; Bird et al., 2007; Schettino & Turco, 

2009; Labails et al., 2010; Tominaga & Sager, 2010a, 2010b).  
Publication Chron/Age Half Spreading Rate 

Klitgord & Schouten [1986] 170Ma (BSMA ridge jump) to 150Ma (M21) 19 mm/yr 

Klitgord & Schouten [1986] 150Ma (M21) to 141Ma (M16) 10 mm/yr 

Klitgord & Schouten [1986] 141Ma (M16) to 132Ma (M10N) 7 mm/yr 

Klitgord & Schouten [1986] 132Ma (M10N) to 126Ma (M4) Variable 

Klitgord & Schouten [1986] 126Ma (M4) to 118Ma (M0) 9 mm/yr 

Bird et al. [2007] ~167.5Ma (M40) to ~154Ma (M25) 19.2 mm/yr 

Bird et al. [2007] ~154Ma (M25) to ~120.6Ma (M0) 14.4 mm/yr 

Schettino & Turco [2009] 200Ma to 185Ma (proposed ridge jump) 4.1 mm/yr 

Schettino & Turco [2009] 185Ma to 147.7Ma (M21) 5.45 mm/yr 

Schettino & Turco [2009] 147.7Ma (M21) and younger 22 mm/yr 

Labails et al. [2010] 190Ma-170Ma (BSMA) 8 mm/yr 

Labails et al. [2010] 170Ma (BSMA) to ~154Ma (M25) 17 mm/yr 

Labails et al. [2010] ~154Ma (M25) to ~150Ma (M22) 27 mm/yr 

Labails et al. [2010] ~150Ma (M22) to ~125Ma (M0) 13 mm/yr 

Tominaga & Sager [2010a,b] ~154Ma (M25n) to ~148Ma (M21n) 32.6 mm/yr 

Tominaga & Sager [2010a,b] 147.5Ma (M20r) to ~140Ma (M16n) 18.4 mm/yr 

Tominaga & Sager [2010a,b] ~139Ma (M15) to ~131Ma (M6) [AMSZ] 9.5 mm/yr 

Tominaga & Sager [2010a,b] ~131Ma (M6) and younger 22.9 mm/yr 
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Half spreading rates used in kinematic plate reconstructions of the early Atlantic 

vary based on the model, the magnetic anomalies identified, and/or the geomagnetic 

polarity timescale used (Table 2.1) (e.g. Klitgord & Schouten, 1986; Bird et al., 2007; 

Schettino & Turco, 2009; Labails et al., 2010; Tominaga & Sager, 2010a; 2010b). 

Seafloor spreading rates from M0 to M25 were found using the age assignments and 

distances between magnetic anomalies, while seafloor spreading rates in the Atlantic 

JQZ were estimated by either assuming the M21-M25 rate continues landward (Klitgord 

& Schouten, 1986), using stage pole rotations in plate-scale tectonic reconstructions to 

geometrically fit conjugate magnetic anomalies and the continents (Schettino & Turco, 

2009; Labails et al., 2010), or using magnetic anomaly correlations where available in 

the OMQZ (Bird et al., 2007).  

 

2.4. Methods 

2.4.1. Magnetic data acquisition 

In this study, we integrated both recently collected (Arsenault et al., 2017) and 

archived magnetic anomaly data from the NCEI (Fig. 2.2a). The archived magnetic data 

from the NCEI includes data from 39 cruises throughout the ENAM that we corrected 

for the international geomagnetic reference field (IGRF-11 model, Finlay et al. (2010)), 

providing extensive coverage of the study region. We also used the Decade of North 

American Geology (DNAG) (Zietz, 1982) and North American Magnetic Anomaly 

Group (NAMAG) (Bankey et al., 2002) aeromagnetic total magnetic field data, along 

with the high-quality EMAG2v3 (version 3) global magnetic anomaly grid composed of 
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a wide range of satellite, aeromagnetic, and shipboard magnetic data that has recently 

been made available (Meyer et al., 2016) (Figs. 2.1a, 2.2).  

During MCS acquisition on the R/V Marcus G. Langseth cruises MGL1407, 

MGL1408, and MGL1506 along the ENAM, seasurface total magnetic field data was 

acquired using a Geometrics G882 cesium vapor marine magnetometer (Arsenault et al., 

2017). The magnetometer was towed behind the ship navigation reference point at a 

distance of 253 m (MGL1407 and MGL1408) or 160 m (MGL1506). Seasurface total 

magnetic field data were also collected during the recent R/V Neil Armstrong cruise 

AR1-06 using a Seaspy Overhauser Magnetometer towed at a distance of 227 m. To 

obtain the seasurface crustal magnetic anomalies, the raw seasurface total magnetic field 

data collected during these cruises was corrected for (i) navigation offset from ship-to-

magnetometer layback, (ii) outlying data points, (iii) the international geomagnetic 

reference field (IGRF-11 model, Finlay et al. (2010)), and (iv) diurnal field variations 

(NASA Stennis Space Center Magnetic Observatory, MS). Significant portions of the 

data collected during these cruises were on long, continuous, margin perpendicular 

segments that provide high-quality profiles ideal for studying magnetic anomalies 

produced by seafloor spreading. 

 

2.4.2. Magnetic anomaly correlation 

We organized straight-line profiles oriented approximately perpendicular to the 

margin from all of the available seasurface magnetic anomaly data (Fig. 2.2a) and 

integrated them with the aeromagnetic and EMAG2v3 magnetic anomaly data in 
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Quantum GIS (QGIS Development Team, 2015) to produce a comprehensive, 

georeferenced dataset of the region. Using this georeferenced dataset, we correlated 

magnetic anomalies on the ENAM by qualitatively matching the character (i.e. 

amplitude, spacing, and shape) of individual magnetic anomalies on adjacent seasurface 

magnetic anomaly profiles, using the aeromagnetic and EMAG2v3 magnetic grids to 

connect the correlated magnetic anomalies to produce lineations (Figs. 2.2, 2.3b, 2.3c, 

2.4). An example of this process for the IMQZ near Cape Hatteras is shown in Figure 

2.3b.  

We further selected seven seasurface magnetic anomaly profiles from the dataset 

(Profiles 1-7), concatenating multiple segments, together to cover the latitudinal and 

longitudinal extent of the ENAM seafloor (see Profiles 1, 2, 4, 5, and 7 in Figures 2.2 

and 2.4). The profiles were oriented as close to perpendicular to the margin as available 

to best display the character (i.e. amplitude, spacing, and shape) of magnetic anomalies 

that would be expected from seafloor spreading processes (Figs. 2.2, 2.4). We used 

Profiles 1-7 to assign chron numbers and corresponding ages to the magnetic anomalies 

using the 2012 Geomagnetic Polarity Time Scale (Ogg, 2012), and to calculate 

spreading rates for the ENAM. 

 

2.4.3. Magnetic polarity block modeling 

We created synthetic magnetic anomaly profiles using the Parker (1973) Fourier 

summation approach to determine ages for our identified magnetic anomalies. We used a 

magnetization distribution based on Pacific M-series magnetic polarity block models, a 
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basement depth of 8 km (Tucholke, 1986), various half spreading rates (7-30 mm/yr), 

and paleo-inclinations (34.2° to 44.5°) and declinations (-18.4° to -8.1°) estimated for 

the early Atlantic using the method of Schettino (2014) and the paleo-poles of Schettino 

and Scotese (2005). We correlated these synthetic magnetic anomaly profiles with 

Profiles 1-7 to assign chron numbers and ages to our identified magnetic anomalies 

using the 2012 Geomagnetic Polarity Time Scale (Ogg, 2012) (Fig. 2.4). With the 

spacing and assigned ages for the magnetic anomalies, we estimated spreading rates for 

Profiles 1-7 to evaluate the variation both along the margin and over time (Fig. 2.5). 

Using the estimated spreading rates, final synthetic profiles were created that best 

matched the observed magnetic anomalies of the region (Fig. 2.4).  

 

2.4.4. Other geophysical data 

To ensure our identified magnetic anomalies were produced by seafloor 

spreading processes, rather than secondary magmatic events that could significantly alter 

the observed magnetic anomaly signal (e.g. seamounts), we acquired and examined the 

latest satellite-derived gravity (Sandwell et al., 2014) and bathymetry (Butman et al., 

2006; Amante et al., 2009; Andrews et al., 2016) data (Fig. 2.1). For Profiles 1, 2, and 4, 

MCS data were available (MGL1407 Lines 2, 3, 11A, 13, 14, and 15) to investigate 

whether any secondary magma additions and/or significant structural boundaries exist in 

the subsurface (Arsenault et al., 2017).  
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Figure 2.4 M-series magnetic anomaly correlations: Correlation of magnetic 

anomalies for Profiles 1-7 (Fig. 2.2a) with synthetic magnetic anomaly profile from 

Pacific M-series magnetic polarity block models and the 2012 Geomagnetic Polarity 

Time Scale (Ogg, 2012). Synthetic profile created using half spreading rates 

estimated for Profile 1 (bottom- green line) and Profile 7 (top- maroon line) (Table 

2.2). Dashed lines show magnetic anomaly correlations (Red- OMQZ; Blue- M0-

M25). Profiles 1, 2, 4, 5, and 7 consist of multiple profiles concatenated together (see 

Fig. 2.2). Chron numbers labeled. 
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2.5. Results 

2.5.1. ENAM magnetic anomaly correlations 

We assigned chron numbers and ages to 21 of the known anomalies between M0 

and M25 (Figs. 2.2b, 2.4). Additionally, we assign chron numbers to eight previously 

unidentified magnetic anomalies in the OMQZ, where few previous studies have 

identified magnetic anomalies (e.g. Barrett & Keen, 1976; Bird et al., 2007), and identify 

five correlatable magnetic anomalies in the IMQZ (Fig. 2.4; Table 2.2).  

In the IMQZ, we correlated five low amplitude magnetic anomalies 

approximately parallel to both the ECMA and BSMA from 31° to 40°N that have not 

previously been correlated or discussed, denoted as Inner Magnetic Anomalies (IMA) 1-

5 from east to west (Figs. 2.2b, 2.3b, 2.3c). The correlations were made qualitatively by 

matching the character of IMA1-5 on margin perpendicular profiles crossing the IMQZ 

(Fig. 2.3c). From 31° to 33.5°N, the magnetic anomaly peak denoted as IMA2 splits into 

two peaks with an intervening trough (Figs. 2.2b, 2.3b, 2.3c). In the middle of the IMQZ, 

between 36° to 39°N, the linear magnetic anomalies are less coherent and there are low 

amplitude, circular magnetic anomaly highs seaward of the bend in the ECMA that 

partially obscure the linear magnetic anomalies and mark the location of a change in 

magnetic anomaly lineation strike and clarity, with more distinguishable lineations with 

a strike of ~30° to the south and less distinguishable lineations with a strike of ~70° to 

the north (Figs. 2.1a, 2.2b). Despite this less coherent middle section between 36° to 

39°N where the linear anomalies are more difficult to follow, the consistent character of 

IMA1-5 and presence of five distinct magnetic anomalies throughout the IMQZ suggests 
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that these IMQZ magnetic anomalies continuously span the entire study area from 31° to 

40°N. 

Lateral offsets of IMA1-5, striking east/west in the southern IMQZ and 

northwest/southeast in the northern IMQZ, were interpreted throughout the IMQZ based 

on the combination of the seasurface magnetic anomaly data and the aeromagnetic and 

EMAG2v3 magnetic grids in our georeferenced dataset (Figs. 2.2b, 2.3b). These offsets 

were consistently oriented perpendicular to IMA1-5, striking east/west in the southern 

IMQZ and northwest/southeast in the northern IMQZ (Figs. 2.2b, 2.3a, 2.3b). Many of 

these IMQZ offsets documented in this study appear to intersect the ECMA at gaps 

between individual segments (Fig. 2.3a), and they often line up with previously 

identified traces of fracture zones extending through the OMQZ and M0-M25 (Figs. 

2.2b, 2.3a, 2.3b) (Klitgord & Schouten, 1986). 

Throughout the OMQZ, we correlated magnetic anomalies despite the low 

amplitude characteristic of the Atlantic JQZ (Fig. 2.2b). Similar to the ECMA, IMA1-

IMA5, and the BSMA, there is a change in magnetic anomaly lineation strike on the 

west side of the OMQZ, but this change becomes less pronounced moving to the east. 

The magnetic anomaly lineations consistently have a strike of ~30° in the south, and in 

the north the strike varies from ~70° to ~55°, from west to east, in the north (Fig. 2.2b). 

Additionally, the OMQZ is wider in the south (~360 km at 31°N), becoming narrower 

moving northward (~220 km at 37°N), which corresponds to a wider magnetic anomaly 

lineation spacing in the south compared to the north (Fig. 2.2b). The middle portion of 

the OMQZ (approximately 34°-37°N) has multiple ellipsoidal magnetic anomaly highs 
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and lows, including the HFMAH, which created difficulty in correlating magnetic 

anomalies (Fig. 2.2). 

We propose the existence of correlatable magnetic anomalies older than M25 in 

the OMQZ. Based on our synthetic profiles, we identified M-series magnetic anomalies 

M26, M28, M29r, M33, M37, M38 and M39 in the Atlantic JQZ (Figs. 2.2b, 2.4; Table 

2.2). Additionally, the magnetic anomaly character of the BSMA on recently collected 

seasurface magnetic anomaly profiles (from MGL1407 and MGL1408) is similar to that 

of M42 (~168.5 Ma) in our synthetic profile, with a steep amplitude increase to the 

magnetic anomaly peak on the west, followed by a more gradual tapering off of 

amplitude moving to the east (see Profile 1 in Figs. 2.2, 2.4). In the MCS data, satellite-

derived gravity anomaly, and satellite-derived bathymetry data available for our profiles, 

only one significant seamount was identified, on the west end of MGL1407 Line 11A 

(Profile 2 in Figures 2.2b and 2.4) (Arsenault et al., 2017), which does not appear to 

affect the magnetic anomaly signal given the excellent correlation with other profiles 

nearby along which the absence of seamounts is confirmed (e.g. MGL1407 Line 13; 

Profile 1 in Figures 2.2b and 2.4). 
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Figure 2.5 Seafloor spreading rates for the Early Atlantic: (a) Plot of age vs 

distance for magnetic anomalies. Blue and green backgrounds indicate M0-M25 

and OMQZ regions, respectively. Distance expressed relative to M12/11A (youngest 

chron present on all seven profiles). (b) Comparison of half spreading rates for this 

study (solid lines) and previous studies (dashed lines) (Klitgord & Schouten, 1986; 

Bird et al., 2007; Schettino & Turco, 2009; Labails et al., 2010; Tominaga & Sager, 

2010a, 2010b) (Tables 2.1, 2.2). Blue and green backgrounds indicate M0-M25 and 

OMQZ regions, respectively. Grey box denotes period of variable asymmetric 

spreading from M10N to M4 in Klitgord and Schouten (1986). (Modified from 

Labails et al. (2010)) 
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We have identified coherent, correlatable magnetic anomalies from east of the 

OMQZ to Bermuda in the area where chrons M0-M25 have previously been identified 

(Fig. 2.2). Between M0 and M25, we identified M0-M4 and M10N-M25, with magnetic 

anomaly peaks corresponding to M11A and M12, M13 and M14, and M24A, M24B, 

M25 merging together due to the slow seafloor spreading (Fig. 2.4; Table 2.2). Magnetic 

anomalies M5-M10 were not distinguishable due to the close proximity of magnetic 

anomalies M4 and M10A (Fig. 2.2a, 2.4). 

 

2.5.2. OMQZ and M0-M25 seafloor spreading rates 

We documented the spatial and temporal variation in seafloor spreading rates, 

both in the OMQZ and from M0-M25, using the age assignments and magnetic anomaly 

spacing on Profiles 1-7 (oriented as close to perpendicular to the margin from the data 

available) (Fig. 2.5; Table 2.2). We divided the OMQZ into two age ranges (1) M28 to 

M25 (~158-155 Ma), and (2) pre-M28. M28 to M25 seafloor half spreading rates varied 

along the margin, with a value of ~20 mm/yr for Profiles 1, 2, and 4 in the south and 

middle of the OMQZ, decreasing to ~12.3 mm/yr for Profiles 6 and 7 in the north (Fig. 

2.5; Table 2.2). Pre-M28 half spreading rates were 25.3 mm/yr from M42 to M28 

(~168.5-158 Ma) on Profile 1 and 18.3 mm/yr from M37/38 to M28 (~164-158 Ma) for 

Profile 7 (Fig. 2.5; Table 2.2). 
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Table 2.2 Half spreading rates estimated in this study. Spreading rates calculated at seven profiles along the margin 

(see Fig. 2.2 for locations; Fig. 2.5b for comparison) 
Chron  

Range 

Age Range 

[Ma] 

Half Spreading Rate [mm/yr] 

Profile 1 Profile 2 Profile 3 Profile 4 Profile 5 Profile 6 Profile 7 

M0-M11 126-136 14.5 14.8   15.6   

M11-M22 136-150 13.4 14.0 11.3 (M12-M22) 12.0 11.9 13.9 (M12-M22) 13.2 (M12-M22) 

M22-M25 150-155 28.8 26.5  30.9 25.0 25.2 25.5 

M25-M28 155-158 22.3 21.2  18.1  12.4 12.3 

M28-M42* 158-168.5 25.3       

M28-M37/38** 158-164       18.3 

* Chron range only available on Profile 1 

** Chron range only available on Profile 7 
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Figure 2.6 Hudson Fan Magnetic Anomaly High bathymetry and gravity: (a) 

Bathymetry in the vicinity of the HFMAH (Butman et al., 2006). White dashed line 

outlines HFMAH location (see Fig. 2.2). Grey contours every 500m. White circles 

denote locations of Deep Sea Drilling Program sites. Knauss Knoll location labeled 

(Lowrie & Heezen, 1967). (b) Gravity anomaly grid in the vicinity of the HFMAH 

(Sandwell et al., 2014). White dashed line outlines HFMAH location (see Fig. 2.2). 

White circles denote locations of Deep Sea Drilling Program sites. 

 

To understand the temporal variation in seafloor spreading, we divided M0-M25 

into three age ranges based on inflection points in the age-distance plot (Fig. 2.5a): (1) 

M25 to M22 (~155-150 Ma), (2) M22 to M11 (~150-136 Ma), and (3) M11 to M0 

(~136-126 Ma). From M25 to M22, half spreading rates were estimated at ~25-31 

mm/yr (Profiles 1, 2, 4-6) (Fig. 2.5; Table 2.2). At M22, the half spreading rate slowed, 

with estimated half spreading rates of ~12-14 mm/yr (Profiles 1-7) from M22 to M11 (or 

M12 when M11 was not identified) (Fig. 2.5; Table 2.2). The half spreading rate from 

M11 to M0 was estimated at ~15 mm/yr (Profiles 1, 2, and 5) (Fig. 2.5; Table 2.2). 
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During all three age range divisions from M0-M25, the seafloor spreading rates were 

similar on Profiles 1-7, not varying along the margin. 

 

2.5.3. Anomalous magnetic features in the ENAM* 

In addition to the well-known magnetic anomaly features such as the ECMA and 

BSMA, and the high amplitude magnetic anomalies associated with the New England 

Seamount chain and Bermuda, there are multiple distinct, high amplitude, ellipsoidal 

magnetic anomalies, including the HFMAH, which have not been previously 

investigated despite being of similar amplitude to the ECMA, New England Seamount 

Chain, and Bermuda (Fig. 2.1a). No major magmatic and/or structural disturbances were 

imaged by the MCS data in the crust, nor are there bathymetry or gravity anomaly highs 

present in conjunction with the HFMAH (Figs. 2.6a, 2.6b, 2.7b, 2.7c). MGL1407 MCS 

Lines 2, 3, and 10A over the HFMAH showed seafloor, basement, and Moho reflectors 

at approximately 4.4 km, 10.3 km, and 18.6 km, respectively (Figs. 2.7b, 2.7c). Two 

zones of rough basement topography, with variations up to ~400 m, were observed in the 

MCS data of MGL1407 MCS Lines 2 and 3 below the two peaks of HFMAH (Fig. 

2.7b). In addition, MGL1407 MCS Line 10A, which crosses Line 3, shows that these 

zones of rough basement topography are three-dimensional in structure (Figs. 2.7b, 

2.7c). 

 

* Contents of this section derived in part from the master’s thesis by study coauthor Matthew Karl for 

inclusion in publication. Karl, M.R. (2016). The origin and implications of a high amplitude magnetic 

anomaly on the Eastern North American Margin, (master’s thesis). Retrieved from MSU Libraries Digital 

Repository. (https://d.lib.msu.edu/etd/4205). East Lansing, MI: Michigan State University. 
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Figure 2.7 Hudson Fan Magnetic Anomaly High magnetic modeling and seismic: 

(a) Magnetic forward model varying both layer 2/3 thickness and magnetization for 

MGL1407 Lines 2 and 3 (see Fig. 2.6 for location). Upper panel: Green line is 

observed magnetic anomaly in MGL1407 seasurface data (Arsenault et al., 2017); 

black line is calculated magnetic anomaly from model. Lower panel: Prism 

geometry used in forward model showing water (light blue), sediment (gray), layer 

2 (orange), layer 3 (blue), and mantle (green), with magnetizations (A/m) for each 

prism marked (~2:1 vertical exaggeration). (b) MCS data for MGL1407 Lines 2 

and 3 (see Fig. 2.6 for location) (Arsenault et al., 2017) showing sediment, crust, and 

mantle. Dashed line shows Line 10A crossing. Black boxes mark areas of rough 

basement topography. (c) MCS data for MGL1407 Line 10A (see Fig. 2.6 for 

location) (Arsenault et al., 2017) showing sediment, crust, and mantle. Dashed line 

shows Line 3 crossing. Black box marks area of rough basement topography. 
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2.6. Discussion 

The correlation of marine magnetic anomalies has played a prominent role in 

understanding the seafloor spreading history of the ENAM (e.g. Klitgord & Schouten, 

1986; Bird et al., 2007; Schettino & Turco, 2009; Labails et al., 2010; Tominaga & 

Sager, 2010b). Our M0-M25 magnetic anomaly identifications reconfirm those from 

previous studies (e.g. Klitgord & Schouten, 1986; Labails et al., 2010), including the 

M25 location proposed by Labails et al. (2010) north of 35.5°N, which is at an anomaly 

~50 km to the east of the M25 previously proposed by Klitgord and Schouten (1986) 

(Figs. 2.2b, 2.4). While we confirm the slow spreading regime from M0 to M25 (~126-

155 Ma), found in previous studies (Fig. 2.5; Table 2.1) (Klitgord & Schouten, 1986; 

Bird et al., 2007; Schettino & Turco, 2009; Labails et al., 2010; Tominaga & Sager, 

2010a, 2010b), our comprehensive magnetic anomaly and geophysical data analyses 

provided an unprecedented opportunity to closely investigate seafloor spreading rates 

and directions in the Atlantic JQZ. From these results, we are able to propose a scenario 

for the early Atlantic opening, including the possible influence of preexisting margin 

structure and rifting segmentation, and the subsequent seafloor spreading history 

forming the ENAM.  

 

2.6.1. Early ENAM seafloor spreading regimes 

We identify three regions within the Atlantic JQZ with different seafloor 

spreading regimes between the ECMA and M25 based on notable differences in 

magnetic anomaly coherency, magnetic anomaly lineation strike, and seafloor spreading 
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rates (Figs. 2.2b, 2.5; Table 2.2): (1) offshore New York and Massachusetts (New 

England Region); (2) offshore Virginia and New Jersey (Mid-Atlantic Region); and (3) 

offshore North and South Carolina (Carolina Region). In addition, the IMQZ, the 

previously identified area with low amplitude magnetic anomalies between the ECMA 

and BSMA (Vogt et al., 1971), extends south to north along the margin across these 

three Atlantic JQZ regions (Fig. 2.2a). We suggest these differences indicate that each 

region underwent different spreading regimes during the formation of the Atlantic JQZ, 

including accommodating the transitioning from the prominent bend characteristic of the 

ECMA offshore the New York Bight to the more linear strike at M25 (Fig. 2.2) that 

necessitates the emplacement of an additional ~28,000 km2 of seafloor. 

The New England Region extends ~470 km from east to west in its center at 

38°N, with its northern boundary at the New England Seamount Chain and its southern 

boundary located offshore the New York Bight, near the prominent strike change in the 

ECMA and BSMA (Fig. 2.2a). Both the IMQZ and OMQZ sections of this region widen 

longitudinally from north to south (Fig. 2.2a). The magnetic anomalies in the New 

England Region are semi-coherent, and there is a change in magnetic anomaly lineation 

strike occurring from west to east across this region, being ~80° at the ECMA, ~70° at 

the BSMA, and ~55° at M25, suggesting a counterclockwise reorientation of the paleo-

magmatic center during formation (Fig. 2.2b). Estimated half spreading rates in the New 

England Region in the OMQZ were 18.3 mm/yr from M37/38 to M28 and ~12.3-18.0 

mm/yr from M28 and M25, being lower in north (Fig. 2.5b; Table 2.2). 
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The Mid-Atlantic Region extends ~620 km from east to west in its center at 

36°N, with its northern boundary located offshore the New York Bight and its southern 

boundary located offshore Cape Hatteras, North Carolina (Fig. 2.2a). The magnetic 

anomalies in the Mid-Atlantic Region are the least coherent of the three regions, 

particularly in the OMQZ, and there is an approximately consistent magnetic anomaly 

lineation strike of 30° across this region, suggesting little region wide reorientation of 

the paleo-magmatic center during formation (Fig. 2b). The estimated half spreading rate 

in the Mid-Atlantic Region in the OMQZ was ~18.0 mm/yr from M28 to M25 (Fig. 

2.5b; Table 2.2). 

The Carolina Region extends ~575 km from east to west in its center at 32°N, 

with its northern boundary located offshore Cape Hatteras, North Carolina, and the 

southern boundary located offshore southern South Carolina and the southern 

termination of the ECMA (Fig. 2.2a). The IMQZ in the Carolina Region is 

approximately consistent in width, while the OMQZ widens slightly longitudinally from 

north to south (Fig. 2.2a). The magnetic anomalies in the Carolina Region are the most 

coherent of the three regions, and there is an approximately consistent magnetic anomaly 

lineation strike of 30° across this region (Fig. 2.2b). Estimated half spreading rates for 

the Carolina Region in the OMQZ were 25.3 mm/yr from M42 to M28 and 22.3 mm/yr 

from M28 to M25 (Fig. 2.5b; Table 2.2). 

We further examine the along-margin differences in the Atlantic JQZ seafloor 

spreading regimes between the BSMA and M25 for the first time (Figs. 2.2a, 2.4). While 

we confirm that the spreading rates calculated from Profiles 1-7 are consistent with 
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previous estimates from M0 to M25 (Fig. 2.5b; Tables 2.1, 2.2) (e.g. Klitgord & 

Schouten, 1986; Bird et al., 2007; Schettino & Turco, 2009; Labails et al., 2010), we 

find that the seafloor spreading rates in the OMQZ of the ENAM are slower in the north 

(~12 mm/yr on Profiles 6 and 7) compared to the south and middle (~20 mm/yr on 

Profiles 1, 2, and 4) and are also slower than the rates calculated for the conjugate West 

African Margin (half spreading rates of 22.0 mm/yr and 24.6 mm/yr in Roeser et al. 

(2002) and Bird et al. (2007), respectively). Furthermore, our new identification of M-

series anomalies in the Atlantic JQZ are in agreement with the M28 and M29 of Bird et 

al. (2007), while we confidently redefine M33 and M39 instead of the previously 

identified M32 and M40, respectively (Bird et al., 2007), based on our detailed 

investigation of the superposed anomalies produced by remnant magnetization in crust 

formed from slower spreading during a period of rapid polarity reversals and our use of 

an updated, more recent geomagnetic polarity timescale (2012 Geomagnetic Polarity 

Time Scale (Ogg, 2012)) (Figs. 2.4, A.1). Based on their interpreted duplicates of chrons 

M32-M38 on the West African Margin and absence on the ENAM, Bird et al. (2007) 

proposed a major westward ridge jump within the OMQZ. However, the presence of 

M33, M37, and M38 in this study (Figs. 2.2, 2.4) suggests that seafloor spreading 

between the BSMA and M25 occurred without this specific proposed ridge jump, 

consistent with previous studies (e.g. Klitgord & Schouten, 1986; Schettino & Turco, 

2009; Labails et al., 2010), though we are unable to definitively rule out the presence of 

ridge jumps that could have occurred between our interpreted magnetic anomalies. 
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Along the margin in the IMQZ, throughout all three Atlantic JQZ regions, our 

systematic investigation of magnetic anomaly correlations enables us to discover five 

coherent, correlatable magnetic anomalies IMA1-5 extending along the margin in the 

IMQZ throughout all three Atlantic JQZ regions (Fig. 2.2b, 2.3b, 2.3c). We propose that 

the coherency of these linear magnetic anomalies is attributed to either: (1) syn-rift, 

extensional stage magmatism emplaced in stretched continental or transitional crust 

similar to what is seen in rift setting around the world (e.g. Gunn, 1997; Russel & 

Whitmarsh, 2003; Bronner et al., 2011; Bridges et al., 2012); or (2) steady state mid-

ocean ridge magmatism forming the earliest oceanic crust of the Atlantic (e.g. Klitgord 

& Schouten, 1986; Bird et al., 2007; Schettino & Turco, 2009; Labails et al., 2010).  

Although IMA1-5 are distinctive and correlatable along the entire margin, 

assigning ages/chron numbers to IMA1-5 and calculating seafloor spreading rates are 

currently challenging. In either the proposed ridge jump (Vogt, 1973; Klitgord & 

Schouten, 1986; Bird et al., 2007; Schettino & Turco, 2009; Kneller et al., 2012) or 

change in spreading rate and direction (Labails et al., 2010) early opening scenarios, the 

IMQZ formation predates the BSMA. The estimated age for the BSMA from previous 

studies is ~168-171 Ma (e.g. Klitgord & Schouten, 1986; Benson, 2003), and if the 

BSMA source is crust produced by seafloor spreading, it may be M42 (~168.5 Ma) 

based on the similarity in magnetic anomaly character (Fig. 2.4). These BSMA ages are 

near the age of the oldest chron in the M-series of the geomagnetic polarity timescale 

(~171 Ma) (Ogg, 2012). Consequently, the IMQZ formation prior to the BSMA predates 

the timescale, which currently precludes us from assigning ages/chon numbers to IMA1-
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5. The lateral offsets of IMA1-5 in the Carolina and Mid-Atlantic Regions documented 

in this study coincide with predicted extensions of fracture zones made by Klitgord and 

Schouten (1986), while our interpreted offsets in the New England Region trend more 

towards the north, maintaining an orientation perpendicular to IMA1-5 (Figs. 2.1a, 2.3a), 

which is consistent with the findings of Schettino and Turco (2009). Regardless of the 

mode of IMQZ seafloor formation, the margin-wide presence of IMA1-5 indicates that 

the igneous activity forming the source of these magnetic anomalies extended along the 

entire margin during the formation of the IMQZ, recording the contemporaneous 

geomagnetic field at the time of emplacement. 

 

2.6.2. Tectonic origin of anomalous magnetic features in the ENAM* 

In the Atlantic JQZ, there are distinct, high amplitude, ellipsoidal magnetic 

anomalies, including the HFMAH at the south end of the New England Region and Mid-

Atlantic Region (Fig. 2.1a), that have not been investigated, despite being historically 

present in magnetic anomaly data (e.g. Klitgord and Behrendt, 1977; Zietz, 1982; 

Bankey et al., 2002; Meyer et al., 2016). These magnetic anomalies do not exhibit the 

margin-wide, coherent anomaly character associated with syn-rift volcanism or seafloor 

spreading processes (e.g. Vogt, 1986; Gunn, 1997; Bridges et al., 2012), nor are they 

related to known volcanic features of the ENAM that produce high amplitude magnetic 

 

* Contents of this section derived in part from the master’s thesis by study coauthor Matthew Karl for 

inclusion in publication. Karl, M.R. (2016). The origin and implications of a high amplitude magnetic 

anomaly on the Eastern North American Margin, (master’s thesis). Retrieved from MSU Libraries Digital 

Repository. (https://d.lib.msu.edu/etd/4205). East Lansing, MI: Michigan State University. 
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anomalies of similar dimensions, such as the New England Seamount Chain (Duncan, 

1984), Bermuda (Vogt, 1986), the Great Stone Dome (Taylor et al., 1968; Grow et al., 

1988), a buried seamount near the Hudson Canyon (Grow et al., 1988), or Knauss Knoll 

(Lowrie & Heezen, 1967; Sweeney et al., 2012) (Fig. 2.1, 2.2, 2.6b). Using recently 

collected high-resolution seasurface magnetic anomaly and MCS data from the HFMAH 

(Arsenault et al., 2017), we seek to identify the magnetic source creating the HFMAH 

and other distinct, high amplitude, ellipsoidal magnetic anomalies of the ENAM (Fig. 

2.1a) based on observations, modeling, and the regional tectonic history of the Atlantic 

JQZ. 

The most obvious marine magnetic anomaly sources are: (i) geomagnetic 

polarity boundaries, (ii) excess volcanic emplacement, and (iii) major lithological and 

structural boundaries. The HFMAH being sourced to a contrast from geomagnetic 

polarity reversals is unlikely since the frequent polarity reversals during a period of low 

geomagnetic field strength thought to occur during the formation of the Atlantic JQZ 

would produce low amplitude magnetic anomalies, as seen in the Atlantic JQZ 

surrounding the HFMAH (Fig. 2.1a) (Larson & Pitman, 1972; Tivey et al., 2006). 

Furthermore, late-stage magmatic events can emplace excess igneous material producing 

high amplitude magnetic anomalies, as seen at the New England Seamount Chain, 

Bermuda, and the ECMA (Duncan, 1984; Vogt, 1986; Talwani et al., 1995). However, 

neither the most recent satellite-derived bathymetry, gravity anomaly, and vertical 

gravity gradient grids nor the MCS data collected for MGL1407 Lines 2, 3, or 10A 

indicate any local additions of excess igneous material under the HFMAH (Figs. 2.6a, 
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2.6b, 2.7b, 2.7c); hence, excess volcanism as the predominant source of the HFMAH is 

also unlikely.  

To investigate the possible magnetic source architecture producing the HFMAH, 

we conducted two-dimensional magnetic forward modeling (Fig. 2.7a) (Talwani & 

Heirtzler, 1964) with the source geometry identified beneath the HFMAH using the 

MCS data from MGL1407 MCS Lines 2 and 3 (Arsenault et al., 2017) and depths 

estimated with the velocity model of Lizarralde and Holbrook (1997), located ~550 km 

to the west of the HFMAH. MGL1407 MCS Lines 2 and 3 were selected for this 

modeling as they cross directly over both peaks of the HFMAH, and display the zones of 

rough basement topography (Fig. 2.7b). To match the calculated and observed magnetic 

anomaly signal in our forward modeling, we adjusted the magnetization values for layer 

2 and 3 and the thickness of layer 2. The corresponding thickness of layer 3 is dependent 

on the layer 2 thickness since the total igneous crust is constrained by the basement and 

Moho reflector depths. After producing two end-member models varying only the layer 

2 thickness and magnetization, respectively, we created a series of models to include 

variations in both the layer 2 and 3 thicknesses (1-2.5 km and 5-8 km for layers 2 and 3, 

respectively) and magnetizations (1 to 3.5 and 1 to 2 A/m for layers 2 and 3, respectively 

(e.g. Johnson & Pariso, 1993)) (final model shown in Figure 2.7a). In each model, the 

most distinctive magnetic source bodies (i.e. highest magnetization and/or thickest layer 

2) were confined directly beneath the two peaks of the HFMAH, corresponding with the 

locations of rough basement topography in the MCS data, suggesting that processes 
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acting to increase the magnetization and/or layer 2 thickness could be responsible for 

producing the source of the HFMAH (Fig. 2.7).  

Differences in the abundance and type of magnetic minerals in the neighboring 

rock formations create lithological contrasts (with different magnetic susceptibility of 

each rock formation) that could produce magnetic anomalies. While initial sediment 

deposition at the ENAM included evaporates and carbonates during the Jurassic, from 

the Cretaceous to the present, terrigeneous sediments have been deposited by river 

systems along the coast (Poag & Sevon, 1989). Numerous submarine canyon systems 

incise the ENAM continental slope, and some have been active over millions of years 

transporting the terrigeneous sediment from the continental shelf to the abyssal plain 

(Pilkey & Cleary, 1986; Gardner, 1989) (Fig. 2.1b). The Hudson Fan, coinciding with 

the location of the HFMAH, receives terrigenous sediments through the Hudson Canyon 

system forming a thick sedimentary package (Figs. 2.7b, 2.7c) (Poag & Ward, 1993; 

Butman et al., 2006). Nearby Deep Sea Drilling Program holes 11 and 106 penetrated 

the top 1,015 m of sediments on the shelf edge and slope (Fig. 2.6a), manifesting some 

discrete zones with up to 15 weight percent iron and sulfide bearing sediments (Hollister 

et al., 1972). Although this is a significant weight percentage of possible magnetic 

carriers, the contribution of the sedimentary magnetization to the total magnetic anomaly 

amplitude is only ~10% (~10-20 nT) in our forward modeling even if we distribute this 

concentration of iron-bearing minerals throughout the entire sediment package beneath 

the two HFMAH peaks. Therefore, the coincidence of the HFMAH and Hudson Canyon 

locations cannot explain the origin of HFMAH. Additionally, lithological contrasts with 
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a zone of higher magnetization could exist in the igneous basement from hydrothermal 

alteration processes. In the lower crust and upper mantle at the modern day Mid-Atlantic 

Ridge serpentinization processes have been known to produce strongly magnetized crust 

(e.g. Oufi et al., 2002; Tominaga et al., 2016); however, the MCS data clearly indicate 

that, beneath the two HFMAH peaks, there is no evidence of thin crust, exhumed lower 

crust and upper mantle, or deep penetrating faults that could promote alteration within 

the lower crust and upper mantle (Figs. 2.7b, 2.7c). 

Structural boundaries can produce magnetic anomalies, including faults and 

basement offsets along long-lived fracture zones, some of which have been predicted to 

extend near the HFMAH (Fig. 2.1a) (e.g. Larson & Pitman, 1972; Klitgord & Schouten, 

1986; Grauch et al., 2006). However, the directions of the predicted fracture zone 

extensions (Klitgord & Schouten, 1986) are perpendicular to the expected direction of a 

fault or basement offset that could produce the observed two-peak magnetic anomaly 

high, and there is no evidence in the MCS data of faults or basement structure that is 

indicative of a fracture zone (Figs. 2.1a, 2.7b, 2.7c) (Gudmundsson, 1993; Grauch et al., 

2006). 

To explain the origin of the HFMAH based on the combination of the basement 

morphology beneath the HFMAH and the regional tectonic history, we propose a 

hypothesis where the HFMAH is attributed to the emplacement of basalts enriched in 

iron and titanium produced by a short lived propagating rift, as seen at some modern day 

rifting and spreading centers (e.g. Hey, 1977; Hey et al., 1980; Sinton et al., 1983; 

Wanless et al., 2012). Magnetic anomalies in these areas are characterized by ellipsoidal 
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magnetic anomaly highs that are unrelated to the seafloor spreading magnetic anomalies 

(e.g. Hey et al., 1980; Hey & Wilson, 1982), suggesting ellipsoidal magnetic anomalies 

of the ENAM, such as the HFMAH, could be related to tectonic activity during the early 

Atlantic seafloor spreading. For a propagating rift, as the growing spreading center 

advances, the transform fault becomes inactive and it, along with a segment of the dying 

spreading center, is added to the adjacent oceanic lithosphere (see Figure 2.8b and 2.8c 

insets) (Hey, 1977). The wakes of propagating rifts have been associated with unusually 

high amplitude magnetic anomalies, which are correlated to basalts enriched in iron and 

titanium that create abundant single-domain magnetite from renewed crystal 

fractionation when the propagating rift breaks through older, thicker crust, or taps off-

ridge, relatively differentiated magma chambers (Hey et al., 1980; Sinton et al., 1983; 

Horen & Fleutelot, 1998; Wanless et al., 2012). Additionally, it has been observed that 

there is thicker than average extrusive crust, represented by seismic layer 2A, at the 

propagating rift tip (Bazin et al., 2001; Wanless et al., 2012). The propagating rift also 

creates short-wavelength, rough basement topography as a result of the change in 

seafloor spreading rate at the area at the tip of the propagating rift, from zero to the rate 

present for the rest of the ridge (Hey et al., 1980). Furthermore, short-wavelength, rough 

basement topography is observed beneath the magnetic anomaly peaks of the HFMAH 

(Figs. 2.7b, 2.7c). We suggest that the thickened layer 2 with higher magnetization found 

in our modeling, confined beneath the two rough basement topography zones, could 

represent the magmatism emplacing a thicker extrusive layer of highly magnetized 

basalt, as has been observed at the tips of a propagating rift (Fig. 2.7) (Hey et al., 1980; 
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Wilson & Hey, 1995; Hey et al., 1986; Miller & Hey, 1986; Bazin et al., 2001; Wanless 

et al., 2012).  

 

2.6.3. Effect of preexisting structure and rift segmentation on ENAM crustal 

formation 

The juxtaposition of accreted terranes from past plate tectonic cycles are 

generally thought to play a key role in the localization of continental breakup, such as 

during the rifting of Pangea that led to the formation of the ENAM, with rifting 

occurring along a preexisting zone of weakness in the continental crust (Wilson, 1966; 

Sawyer, 1985; Manspeizer, 1988; Dunbar & Sawyer, 1989; Sheridan et al., 1993; 

Labails et al., 2010). Preexisting structure could also influenced the later crustal 

formation of the ENAM following the initial rifting, causing rifting segmentation and 

magmatic center offsets that may have led to the formation of early Atlantic fracture 

zones (e.g. Sawyer, 1985; Behn & Lin, 2000). Our newly identified patterns of 

correlated magnetic anomalies and interpreted offsets in the Atlantic JQZ and their 

apparent coincidence with possible indicators of rifting segmentation and terrane 

boundaries may support this hypothesized influence from preexisting structure, if the 

anomaly offsets are representative of incipient fracture zones (Williams & Hatcher, 

1982; Higgins & Zietz, 1983; Sawyer, 1985; Behn & Lin, 2000; Boote & Knapp, 2016). 

One of the most prominent observations of this coincidence is that many of the lateral 

offsets of IMA1-5 within the IMQZ appear to intersect the ECMA at the gaps between 

major segments observed in the aeromagnetic and EMAG2v3 magnetic grids (Fig 2.2b, 
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2.3a). The ECMA segmentation is thought to represent along margin rifting 

segmentation from variations in magmatism and/or pre-existing lithospheric weaknesses, 

which may have led to incipient fracture zone formation (Dunbar & Sawyer, 1989; Behn 

& Lin, 2000; Wyer & Watts, 2006). The coincidence between the ECMA segmentation 

and IMA1-5 lineation offsets documented in this study, if they indicate fracture zones, 

could support the hypothesis that the early pattern of seafloor spreading or syn-rift 

magmatism forming the IMQZ seafloor could have been governed by the rifting 

architecture and pre-existing structure of the margin (Fig. 2.2b) (Dunbar & Sawyer, 

1989; Behn & Lin, 2000; Wyer & Watts, 2006).  

Furthermore, the New England, Mid-Atlantic, and Carolina Region boundaries, 

identified based on changes in magnetic anomaly character, are observed to coincide 

with the previously identified predicted extensions of major fracture zones and intersect 

the ECMA at major gaps between segments that are thought to be related to rifting 

segmentation and pre-existing zones of weakness (Klitgord & Schouten, 1986; Behn & 

Lin, 2000). The southernmost boundary coincides with the southern termination of the 

ECMA, as well as the Blake Spur Fracture Zone, which is thought to have formed from 

at an abrupt change in rheology associated with a suture (Figs. 2.2b, 2.3a) (Sawyer, 

1985; Klitgord & Schouten, 1986; Boote & Knapp, 2016). Likewise, the boundary 

between the Carolina and Mid-Atlantic Regions coincides with the Northern Kane 

Fracture Zone (Tucholke & Schouten, 1988; Müller & Roest, 1992), which intersects a 

major gap between ECMA segments located offshore Cape Hatteras, North Carolina that 

also approximately coincides with the boundary between the Carolina and the Brunswick 
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(Charleston) terranes (Williams & Hatcher, 1982; Higgins & Zietz, 1983) and the 

revised location of an Alleghanian suture zone of Boote and Knapp (2016) (Figs. 2.2b, 

2.3a). The boundary between the Mid-Atlantic and New England Regions coincides with 

the Delaware Bay Fracture Zone in the Atlantic JQZ (Klitgord & Schouten, 1986) before 

bending northward in the IMQZ to maintain a strike perpendicular to IMA1-5, where it 

aligns with a lateral offset of IMA1-5 documented in this study and intersects a major 

gap between ECMA segments offshore Delaware (Figs. 2.2b, 2.3a). The northern 

boundary of the New England Region is the New England Seamount Chain, which may 

have formed along a fracture zone, and also intersects a major gap between ECMA 

segments offshore Massachusetts (Figs. 2.2b, 2.3a) (de Boer et al., 1988). Based on our 

observed association of our newly interpreted offsets of IMA1-5 and the boundaries 

between the three Atlantic JQZ regions of distinct magnetic anomaly character with (i) 

evidence of rifting segmentation (e.g. Behn & Lin, 2000); and (ii) in some cases, 

hypothesized sutures at terrane boundaries (e.g. Williams & Hatcher, 1982; Higgins & 

Zietz, 1983; Sawyer, 1985; Boote & Knapp, 2016) (Fig. 2.2b, 2.3a), we suggest that the 

pre-existing margin structure and rifting segmentation of the ENAM have influenced the 

subsequent seafloor spreading regimes in the Atlantic JQZ. 
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Figure 2.8 Schematic of early Atlantic formation history: (a-g) Schematic of 

Atlantic JQZ formation from the ECMA to M25. Magnetic anomaly name or chron 

number denote seafloor being formed at each time step, with solid black lines 

showing inferred ridge location. Arrows show inferred spreading direction for 

paleo-Mid-Atlantic Ridge. Red dashed lines mark New England, Mid-Atlantic, and 

Carolina Region boundaries (Fig. 2.1). White dashed box shows developing 

HFMAH (c, d). Brown dashed lines mark interpreted offsets in IMQZ magnetic 

anomalies IMA1-5. (h) Schematic showing ridge reorientation over four time steps 

by asymmetric spreading (indicated by arrow length in T=2 and T=3). (i) 

Schematic showing ridge reorientation over four time steps by westward ridge 

jumps in T=2 and T=3, with dashed line indicating ridge location prior to jump. 

Inset diagrams in panels (b) and (c) detail propagating rift evolution at time steps 

of 0, 1, 2, and 5: Like color bars represent crust of same age; thick black line is 

ridge axis; thick white line is active transform fault; thin white line is fossil 

transform fault; dashed brown lines in T=5 represent “pseudofault” trend, with the 

white dashed ellipse outlining the corresponding area of potentially high magnetic 

anomalies, such as those of the HFMAH (modified from Hey (1977), their Fig. 2). 
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2.6.4. Early ENAM formation history- from the ECMA to M25 

Using our new Atlantic JQZ magnetic anomaly interpretations, we propose a 

crustal formation and evolution model from the ECMA to M25, specifically highlighting 

a missing piece of the ENAM history and early Atlantic opening (Figs. 2.1a, 2.8a-g). 

The IMQZ, bounded to the west by the ECMA, is the oldest crust of the Atlantic JQZ 

and was possibly formed by igneous activity associated with early seafloor spreading or 

late syn-rift magmatism, producing IMA1-5 (Figs. 2.2b, 2.3b). If the IMQZ is composed 

of oceanic crust, we suggest the initial seafloor spreading of the Atlantic following 

continental rifting was perpendicular to the margin using the consistent IMA1-5 strike 

parallel to the ECMA, along with the IMA1-5 offsets possibly representing fracture 

zones oriented approximately perpendicular to the ECMA, as indicators of seafloor 

spreading direction (Figs. 2.2b, 2.3). However, the lack of magnetic anomaly ages/chron 

numbers for IMA1-5 causes difficulty in determining a preferred scenario for the early 

Atlantic formation. A ridge jump at the BSMA (Vogt, 1973; Klitgord & Schouten, 1986; 

Vogt, 1986; Bird et al., 2007; Schettino & Turco, 2009; Kneller et al., 2012) would 

produce IMA1/IMA5 and IMA2/IMA4 as conjugate magnetic anomalies, with IMA3 in 

the center as the youngest, while a drastic change in spreading rate and direction at the 

BSMA (Labails et al., 2010) would produce independent magnetic anomalies younging 

from IMA5 to IMA1 (Figs. 2.2b, 2.3b). Likewise, if IMA1-5 are the result of syn-rift 

magmatism, we suggest that rifting occurred approximately perpendicular to the margin 

during the formation of the IMQZ, with igneous emplacement occurring along the rift 
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axis similar to observations along the nascent seafloor spreading near the Afar 

Depression (e.g. Bridges et al., 2012).  

Following the formation of the IMQZ, the crust producing the BSMA was 

created (Figs. 2.2; 2.8b), which has been proposed to be related to either a ridge jump or 

a spreading rate/direction change (Vogt, 1973; Klitgord & Schouten, 1986; Bird et al., 

2007; Schettino & Turco, 2009; Labails et al., 2010; Kneller et al., 2012). In this study, 

we are unable to determine whether the source of the BSMA is oceanic crust produced 

by seafloor spreading (e.g. Labail et al., 2010) or a sliver of continental crust and 

igneous intrusives isolated from the African margin by a ridge jump (e.g. Vogt, 1973). 

Nevertheless, if the BSMA source is crust emplaced by seafloor spreading (regardless of 

if a ridge jump occurred or not), the similarity in magnetic anomaly character between 

the BSMA and M42 in our synthetic profiles (see Profile 1 in Figure 2.4) could indicate 

that the BSMA may be M42, suggesting an age of ~168.5 Ma that is consistent with the 

BSMA ages of previous studies (168-171 Ma) (Klitgord & Schouten, 1986; Benson, 

2003). Alternatively, if the BSMA is produced by an isolated sliver of continental crust 

and igneous intrusives (e.g. Vogt, 1973), the similarity of the magnetic anomaly 

character between the BSMA and M42 is merely coincidental, as the BSMA would not 

be sourced to crust produced by seafloor spreading. 

Continuing after the formation of the BSMA, the OMQZ formed (Figs. 2.2; 2.8c-

g). Our magnetic anomaly correlations in the New England, Mid-Atlantic, and Carolina 

Regions, along with anomalous ellipsoidal magnetic features such as the HFMAH, show 

that the seafloor spreading history from the BSMA to M25 was dictated by asymmetric 
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crustal accretion and ridge orientations, possibly accompanied by short lived propagating 

rifts. Across the New England Region, the strike of magnetic anomaly lineations rotate 

counterclockwise from ~70° to ~55° (west to east) between the BSMA and M25 (Figs. 

2.2b, 2.8b-g), and the calculated seafloor spreading rates are slower in the northern part 

of the New England Region compared to those further south (~12 mm/yr on Profiles 6 

and 7 versus ~20 mm/yr on Profiles 1, 2, and 4). The change in magnetic anomaly strike 

in the New England Region indicates a change in ridge orientation during the formation 

of the OMQZ. 

The conjugate Northwest African Margin shows a similar change in magnetic 

anomaly orientation between the African Blake Spur Magnetic Anomaly (ABSMA), a 

possible conjugate to the BSMA (Labails et al., 2010), and M25. A plate reconstruction 

to 153Ma, using the GPlates software package (Boyden et al., 2011) and the rotation 

poles from the recent global plate reconstruction model of Müller et al. (2016), shows 

that the ABSMA, has a strike mirroring that of the BSMA (Fig. 2.9) (Labails et al., 

2010). For the Mid-Atlantic and Carolina Regions and their conjugates, the 

BSMA/ABSMA are oriented parallel to M25, while for the New England Region and its 

conjugate, the BSMA and ABSMA parallel each other, but are oblique to M25 (Fig. 

2.9). Additionally, the distance between the BSMA and M25 becomes narrower moving 

northward in the New England Region, while the corresponding distance between the 

ABSMA and M25 on the Northwestern African Margin becomes wider moving 

northward (Fig. 2.9). Regardless of if the ABMSA is the conjugate to the BSMA or not 

(e.g. Klitgord & Schouten, 1986; Schettino & Turco, 2009; Labails et al., 2010), the 
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orientation of these linear magnetic anomalies on the either side of the Atlantic are 

consistent.  

 

 

Figure 2.9 Early Atlantic plate reconstruction: Plate reconstruction at 153 Ma, just 

following the creation of M25, the oldest generally accepted chron in the Atlantic, 

at ~155 Ma showing the ENAM and Northwestern African Margin and the 

EMAG2v3 composite magnetic anomaly grid (Meyer et al., 2016). Compares the 

orientation of the BSMA/Atlantic Blake Spur Magnetic Anomaly (ABSMA) 

orientation and the paleo-Mid-Atlantic Ridge at M25. Note that south of the bend 

in the BSMA/ABSMA, the BSMA/ABSMA are oriented parallel to M25, while to 

the north, the BSMA and ABSMA parallel each other, but are oblique to M25. 

ABSMA interpretation is based on Labails et al. (2010). 

 

2.6.5. Crustal accretion style during the early formation of the ENAM 

To account for both the slower spreading rates and magnetic anomaly lineation 

strike change in the New England Region (and its conjugate on the Northwest African 
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margin), we suggest asymmetric crustal accretion occurred during the formation of the 

OMQZ crust of the western North Atlantic, causing a reorientation of the ridge during 

the formation of the OMQZ from the bend of the ECMA, IMA1-5, and BSMA to the 

more linear strike of the M25 lineations and contemporaneous Mid-Atlantic Ridge (Figs. 

2.8, 2.9). Spreading center reorientations have globally been identified based on 

rotations of magnetic anomaly lineation trends, caused by the asymmetric accretion of 

crust on either side of a spreading center. Ramberg et al. (1977) documented a spreading 

axis reorientation of the Mid-Atlantic Ridge southwest of the Azores, which they 

propose was facilitated by a combination of asymmetric spreading and small (5-10 km) 

ridge jumps of individual ridge segments. Likewise, Rona and Gray (1980) identified 

reorientations of the Mid-Atlantic Ridge in the young seafloor between the Kane and 

Atlantis Fracture Zones, which they attribute to asymmetric seafloor spreading. At the 

Juan de Fuca Ridge, Menard and Atwater (1968) and Wilson et al. (1984) suggest the 

ridge reorientation could be facilitated by either asymmetric spreading or ridge jumps 

(with which they find associated propagating rifts), respectively. Altogether, asymmetric 

crustal accretion mechanisms could account for the ridge reorientation observed between 

the BSMA/ABSMA and M25 (Fig. 2.8b-g), with the asymmetric accretion caused by: 

(1) asymmetric seafloor spreading, with slower spreading in the northern New England 

Region on the North American side and faster spreading on the African side (Fig. 2.8h); 

and/or (2) small, successive westward ridge jumps during the formation of the New 

England Region that adjusted the orientation of the ridge (Fig. 2.8i). With either 

mechanism (or a combination of both), the change in orientation observed on the 
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Northwest African Margin and asymmetric crustal accretion balances that on the ENAM 

in the New England Region (Fig. 2.9).  

We do not directly interpret any missing chrons indicative of ridge jumps in the 

New England region, but the presence of ridge jumps could not entirely be omitted as a 

mechanism responsible for the reorientation since ridge jumps could have occurred 

between the identified chrons in the OMQZ (Fig. 2.2b). Additionally, if ridge jumps 

occurred, the entirety of the ridge in the New England Region did not necessarily jump 

simultaneously; rather, individual spreading segments may have jumped independently, 

with the combined overall effect of changing the ridge orientation (e.g. Ramberg et al., 

1977). Either mechanism of asymmetric accretion, or a combination of both, would 

create the comparatively lower seafloor spreading rates calculated in the New England 

Region while changing the ridge orientation (Fig. 2.8b-g). If asymmetric seafloor 

spreading occurred, a slower spreading on the North American side of the ridge in the 

New England Region would produce the lower rates (Fig. 2.8h). If westward ridge 

jumps occurred in the New England Region, the crust formed on the North American 

side of the ridge would be transferred to the African side, causing an apparently slower 

spreading rate due to the reduced amount of seafloor remaining (Fig. 2.8i).  

Changes in plate motion are a potential cause of asymmetric accretion and 

changes in spreading axis orientations (e.g. Menard and Atwater, 1968; Wilson et al., 

1984). At the ENAM, Labails et al. (2010) suggested a change in plate motion, from 

NNW–SSE to NW–SE, occurred at the BSMA. If this change in plate motion occurred, 

coinciding with the beginning of the OMQZ formation (Fig. 2.8b), it may have triggered 
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the spreading axis reorientation observed in the New England Region (Fig. 2.8c-g), as 

the BSMA in this region is oriented more oblique to the new spreading direction 

compared to the BSMA of the Mid-Atlantic/Carolina Regions and M25 (Figs. 2.8b-g, 

2.9).  

Short-lived propagating rift segments, such as those hypothesized to be 

represented by the HFMAH, could have further contributed to the change in spreading 

center orientation (Figs. 2.2, 2.8a-g). We suggest that these propagating rifts lined up 

seaward of the bend observed in the ECMA and the coastline at the New York Bight, 

near the boundary between the Mid-Atlantic and New England Regions, where it may 

have helped accommodate the spreading center straightening to that observed at M25 

(Figs. 2.8c, 2.8d), as propagating rifts have been found to be accompanied by changes in 

spreading center strike (Hey et al., 1980, 1986, 1988). 

South of the New England Region, in the Mid-Atlantic and Carolina Regions, the 

identified magnetic anomaly lineations are all approximately parallel to both the BSMA 

and M25, and the calculated spreading rates are consistent (~20 mm/yr) (Figs. 2.2b, 

2.8b-g; Table 2.2). This suggests that the seafloor spreading forming the OMQZ in the 

Mid-Atlantic and Carolina Regions proceeded without any ridge reorientation (Fig. 2.8b-

g). Overall, seafloor spreading from M25 to the present-day Mid-Atlantic Ridge has 

taken place without the notable along strike variation in spreading rates and spreading 

axis reorientation observed in the OMQZ (Figs. 2.2b, 2.5, 2.8g; Table 2.2) (Klitgord & 

Schouten, 1986; Bird et al., 2007; Müller et al., 2008; Schettino & Turco, 2009; Labails 

et al., 2010; Tominaga & Sager, 2010a, 2010b).  
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2.7. Conclusions 

From this study we draw the following conclusions: 

(1) Five newly identified coherent, correlatable magnetic anomalies exist along 

the entire margin in the IMQZ, which could be related to the earliest seafloor 

spreading of the Atlantic or igneous emplacement during the final stages of 

continental rifting.  

(2) If the source of the BSMA is oceanic crust, the BSMA may be M-series 

anomaly M42 (~168.5 Ma) based on the similarity of magnetic anomaly 

character between the BSMA and M42. 

(3) Seafloor spreading rates during the formation of the OMQZ in the 

northwestern Atlantic were slower in the north compared to the south, and a 15° 

counterclockwise reorientation of the spreading axis occurred and straightened 

the prominent bend in the ECMA to the more linear strike of M25 and the 

contemporaneous Mid-Atlantic Ridge, possibly caused by asymmetric spreading 

and/or westward ridge jumps. 

(4) The HFMAH may be sourced from magma emplaced during a short-lived 

propagating rift that may have helped accommodate the straightening of the ridge 

during the formation of the OMQZ. 

(5) The newly identified magnetic anomalies and lineations offsets documented 

in this study possibly refine fracture zone locations in the IMQZ and OMQZ. 

These interpreted offsets that could indicate fracture zones project into 

segmentation in ECMA, which may support earlier hypotheses that pre-existing 
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margin structure controlled rift segments, which in turn influenced segmentation 

in the ECMA and the subsequent seafloor spreading regimes in the Atlantic JQZ. 
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3. ALONG-MARGIN VARIATIONS IN BREAKUP VOLCANISM AT THE 

EASTERN NORTH AMERICAN MARGIN 

 

3.1. Overview 

To understand the distribution and amount of magmatic activity that facilitated 

the breakup of Pangaea and early Atlantic opening at the Eastern North American 

Margin (ENAM), we conduct magnetic modeling of the volcanics that represent the 

surficial expression of breakup magmatism. 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 conduct three-dimensional magnetic forward modeling, constrained by 

seismic interpretations, to identify the along-margin variations in volcanic thickness and 

width that can explain the observed ECMA amplitude and character. Our model results 

suggest that the margin-scale magmatism that drove continental breakup at the ENAM 

was similar in scale to the other magma-rich margins bounding the Atlantic Ocean, and 

that a combination of both first-order (~600-1000 km) and second-order (~50-100 km) 

magmatic segmentation was present. The first-order magmatic segmentation was likely 

separated by a rift transfer zone, and could be the result of parameters governed by 

preexisting structure acquired during previous Wilson Cycles. The second-order 

magmatic segmentation during breakup likely influenced the segmentation and 

transform fault spacing of the initial, and modern, Mid-Atlantic Ridge. These variations 

in magmatism indicate how extension accommodation and thermal weakening was 
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distributed at the ENAM to drive continental breakup, and how this breakup magmatism 

was related to both previous and subsequent stages of the Wilson Cycle. 

 

3.2. Introduction 

The cyclic amalgamation and breakup of (super-)continents during Wilson 

Cycles are responsible for the configuration and evolution of Earth’s surface through 

time (Wilson, 1966). The continental rifting stage of the Wilson Cycle can be 

accompanied by extensive magmatism, which allows for continental breakup to occur at 

considerably lower stress by accommodating extension and thermally weakening the 

plate (Ebinger & Casey, 2001; Kendall et al., 2005; Buck, 2004; Bialas et al., 2010; 

Daniels et al., 2014). This breakup magmatism emplaces a thick wedge of volcanic 

layers that is a characteristic feature observed at magma-rich rifted continental margins 

worldwide (e.g. Hinz, 1981; Mutter, 1985; Morgan & Watts, 2018). Understanding 

continental breakup is significant due to its impact on Earth’s climate and mass 

extinction events (Simms & Ruffell, 1989; Donnadieu et al., 2006; Nomade et al., 2007). 

The architecture of the ensuing rifted continental margin is governed by the rifting and 

breakup history, and influences the prevalence of both natural resources (Nelson et al., 

1992; Mann et al., 2003) and geohazards (Chaytor et al., 2009; Brune, 2016). 

The Eastern North American Margin (ENAM) (Figs. 3.1, 3.2) represents a 

showcase of the beginning of the current Wilson Cycle, which initiated with the breakup 

of the supercontinent Pangaea and continues with the ongoing formation of the Atlantic 

Ocean (Wilson, 1966; Thomas, 2019). The ENAM is a prime location for understanding 
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the processes involved in the formation and evolution of rifted margins (Sheridan, 1989; 

Withjack et al., 1998). The prominent East Coast Magnetic Anomaly (ECMA) extending 

along the ENAM (Fig. 3.1a) is commonly attributed to the volcanics associated with the 

magmatism facilitating continental breakup (Austin et al., 1990; Talwani et al., 1995; 

Davis et al., 2018). Along-strike variation in the ECMA amplitude and character (Fig. 

3.1b) suggests that the amount and distribution of breakup magmatism at the ENAM 

likewise varied along the margin (e.g. Behn & Lin, 2000). As rifting is a three-

dimensional process, identifying how the amount and distribution of magmatism 

changes along the margin, along with the associated extension accommodation and 

thermal weakening (e.g. Kendall et al., 2005), is critical for understanding the wholesale 

breakup process at both the ENAM and other magma-rich rifted continental margins 

worldwide. However, the amount and distribution of this breakup magmatism at the 

ENAM has not been extensively investigated in an along margin framework. 

Magmatic segmentation and transform fault locations along seafloor spreading 

centers may be inherited from preexisting structure in the continental lithosphere and the 

continental breakup process (e.g. Hayward & Ebinger, 1996; Behn & Lin, 2000; 

Keranen et al., 2004; Beutel et al., 2010; Bellahsen et al., 2013; Hammond et al., 2013; 

Collier et al., 2017). Structural elements 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 out of the breakup magmatic segmentation (Hayward & 

Ebinger, 1996; Keranen et al., 2004; Franke et al., 2007; Beutel et al., 2010; Bellahsen et 

al., 2013). This scenario suggests that the successive stages of a Wilson Cycle, and of 
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consecutive Wilson Cycles, influence each other and have consistent elements that 

persist through time (Hayward & Ebinger, 1996; Bellahsen et al., 2013). A relationship 

between breakup and seafloor spreading segmentation has been suggested for the ENAM 

based on the similarity of the potential fields 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 corresponds with the Mid-

Atlantic Ridge magmatic segmentation following breakup has not been comprehensibly 

examined to understand their possible genetic relationship and connection with 

preexisting structure.  

In this study, we investigate along-margin variations in the thickness and width 

of the breakup volcanism at the ENAM, which serves as the surficial indicator of the 

amount and distribution of magmatism facilitating breakup and the transition to seafloor 

spreading (Holbrook & Kelemen, 1993). We use magnetic modeling with the extensive, 

and continuous, coverage of magnetic anomaly data available at the ENAM (Fig. 3.1) 

(Bankey et al., 2002). Other geophysical data, such as seismic, are limited by the 

distribution of data and difficulty imaging deep structure at this margin, but provide 

valuable constraints for our magnetic modeling where they are available (Fig. 3.2) (Hinz, 

1981; LASE Study Group, 1986; Trehú et al., 1989; Austin et al., 1990; Sheridan et al., 

1993; Holbrook et al., 1994; Talwani et al., 1995; Bécel, 2016). Based on our magnetic 

modeling, we identify first- and second-order along-strike variations in the thickness and 

width of breakup volcanism at the ENAM that have not previously been investigated. 

Our magnetic modeling results provide insight into the distribution and amount of 
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magmatism at the ENAM. The along-margin variations in magmatism facilitated 

continental breakup by accommodating extension and providing thermal weakening 

(similar to processes interpreted in Ethiopia; e.g. Kendall et al., 2005), and may have an 

intrinsic relationship with the magmatic segmentation of the ensuing Mid-Atlantic 

Ridge. 

 

 

Figure 3.1 Magnetic data for the East Coast Magnetic Anomaly: (a) NAmag 

compilation magnetic anomaly grid (Bankey et al., 2002). Extent of ECMA shown 

with dark contours (Klitgord et al., 1988). (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 (Fig. 3.4). 
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3.3. Background 

3.3.1.  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 producing ocean basins (Ebinger, 2005; Brune, 2016). Rifted continental 

margins total ~105,000 km in length globally, and record the history of continental 

rifting/breakup and the post-rift evolution of these settings (Bradley, 2008; Brune, 2016). 

Continental rifting is active in the East African Rift (Markis & Ginzburg, 1987; Ebinger 

& Casey, 2001), and the transition to seafloor spreading is ongoing or has recently 

occurred in the Red Sea (Almalki et al., 2015), the Eastern Black Sea (Monteleone et al., 

2019), and the Gulf of California (Lizarralde et al., 2007). These modern rift sites 

provide valuable analogues to understand the mechanical processes and architecture of 

the fossilized continental breakups preserved in rifted continental margins around the 

world (Bradley, 2008). 

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; 

Tugend et al., 2018). At magma-rich rifted margins, voluminous intrusive and extrusive 

magmatic activity facilitates continental rifting and breakup at a lower stress by 

thermally weakening the plate, localizing strain, and accommodating extension (Ebinger 

& Casey, 2001; Buck, 2004; Bialas et al., 2010; Bastow & Keir, 2011; Daniels et al., 

2014). Flood basalts are generally emplaced during the pre- and/or syn-rift stages of 

rifting (Menzies et al., 2002; Marzoli et al., 2018). Additionally, magmatism expressed 
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as volcanic flows, mafic intrusions, and/or igneous underplating occurs during 

continental breakup, facilitating the transition to seafloor spreading (White et al., 1987; 

Bastow & Keir, 2011; Geoffroy et al., 2015). In contrast, magma-poor rifted margins 

exhibit extreme crustal thinning, detachment faulting, and/or mantle exhumation during 

rifting and breakup (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 seaward dipping reflectors (SDRs) interpreted 

in seismic data at magma-rich rifted margins around the world (e.g. Hinz, 1981; Mutter 

et al., 1982; Mutter, 1985; Eldholm et al., 2000; Morgan & Watts, 2018). Horizontal 

volcanic flows are erupted subaerially before acquiring a seaward dip from either 

magmatic loading 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. Keen & Potter, 1995; 

Berndt et al., 2001; Corner et al., 2002; Collier et al., 2017; Davis et al., 2018; Franke et 

al., 2019). 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 (White et al., 1987, 2008; 

Kelemen & Holbrook, 1995; Talwani & Abreu, 2000; Mjelde et al., 2016).  
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Magma-rich rifted continental margins are prevalent worldwide (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. 

Mutter et al., 1982; Eldholm & Grue, 1994), 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. Whitmarsh et al., 2001; Shillington et al., 2006). 

Intermediate examples, with elements of both end-members, include the South China 

Sea (e.g. Weiwei et al., 2012; Franke, 2013) and the Gulf of California (Lizarralde et al., 

2007). 

Both presently active rifts and magma-rich rifted continental margins display 

along-axis magmatic segmentation (e.g. Hayward & Ebinger, 1996; Ebinger & Casey, 

2001; Beutel et al 2010; Hammond et al., 2013; Keir et al., 2013; Koopmann et al., 

2014; Collier et al., 2017; Franke et al., 2019). The greater amount of magma in the 

center of these segments creates along-margin variations in extension accommodation 

during breakup (Ebinger & Casey, 2001; Geoffroy, 2001). Following successful 

continental breakup, a segmented mid-ocean ridge develops as the tectonic regime enters 

the seafloor spreading stage of the Wilson Cycle (Ebinger, 2005; Bellahsen et al., 2013). 

The magmatic segmentation currently observed in both rifts and mid-ocean ridges are 
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thought to be caused by either along-strike variations in magma production, from 

focused upwelling of warmer asthenospheric mantle initiated by Rayleigh-Taylor 

gravitational instability (Whitehead et al., 1984; Lin et al., 1990; Sempéré et al., 1993; 

Schouten et al., 1985; Geoffroy, 2001), or magma focusing, from melt transport at the 

base of the lithosphere (e.g. Magde & Sparks, 1997; Shillington et al., 2009; Keir et al., 

2015). The length scale of magmatic segmentation is similar in both rifts and the ensuing 

mid-ocean ridges, which suggests that mid-ocean ridge segmentation is inherited from 

the magmatic segmentation present during the continental breakup process (e.g. 

Hayward & Ebinger, 1996; Behn & Lin, 2000; Keranen et al., 2004; Beutel et al., 2010; 

Bellahsen et al., 2013; Hammond et al., 2013; Collier et al., 2017).  

 

3.3.2. Eastern North American Margin formation  

Eastern North America has been the site of repeated continental amalgamation 

and breakup through time (Rankin, 1994; Thomas, 2019). The ENAM (Fig. 3.1) 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 
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& Cousminer, 1988; Schlische, 1993). Many of these extensional faults were reactivated 

preexisting Paleozoic structures (Schlische, 1993). During rifting, widespread 

magmatism 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 localized at the site of eventual continental breakup and rift 

basin activity ceased (Withjack et al., 1998, 2012).  

At the southern ENAM, continental breakup and the transition to seafloor 

spreading was accommodated by magmatic activity (Withjack et al., 1998; Schlische et 

al., 2003). The breakup magmatism included the subaerial emplacement of a volcanic 

wedge, interpreted as SDRs in ENAM seismic reflection data (Fig. 3.2b) (e.g. Hinz, 

1981; LASE Study Group, 1986; Trehú et al., 1989; Austin et al., 1990; Sheridan et al., 

1993; Holbrook et al., 1994; Bécel, 2016). These SDRs are overlaid by the thick 

sediment of the Carolina Trough, Baltimore Canyon Trough, and Georges Bank 

sedimentary basins (Fig. 3.2c) (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 (e.g. LASE Study Group, 1986; Trehú 

et al., 1989; Holbrook et al., 1994; Kelemen & Holbrook, 1995). 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. LASE Study Group, 1986; Trehú et al., 1989; Holbrook et al., 1994; Kelemen & 

Holbrook, 1995). 
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Figure 3.2 Eastern North American Margin bathymetry, basement, and sediment thickness: (a) ETOPO1 bathymetry 

(Amante & Eakins, 2009), (b) seismically-derived basement depth (Klitgord et al., 1994; Hutchinson et el., 1995), and 

(c) sediment thickness. ECMA extent indicated by black/white contours (Fig. 3.1a) (Klitgord et al., 1988). Key seismic 

lines/surveys labeled; red lines/polygons indicate extent of SDR interpretations from previous studies (Hinz, 1981; 

LASE Study Group, 1986; Trehú et al., 1989; Austin et al., 1990; Sheridan et al., 1993; Holbrook et al., 1994; Bécel, 

2016). Purple dashed line indicates the inferred suture zone surrounding an 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) (Higgins & Zietz, 1983; Boote & Knapp, 2016). Black diamond indicates location of heat flow Site V20-

232 (Pollack et al., 1993).
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The East Coast Magnetic Anomaly (ECMA) is a 2,500-km long, high-amplitude, 

positive magnetic anomaly extending along the ENAM from offshore Georgia to Nova 

Scotia (Fig. 3.1) (Keller et al., 1954; Klitgord & Schouten, 1986). The ECMA is 

attributed to the volcanic wedge emplaced during breakup based on 2D magnetic 

forward modeling and SDR interpretations (e.g. Austin et al., 1990; Talwani et al., 1995; 

Davis et al., 2018). Talwani et al. (1995) suggests 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 diminishes and 

SDRs are not found as the margin becomes magma-poor (Keen & Potter, 1995; Van 

Avendonk et al., 2006). 

The ECMA displays notable along-strike variations in amplitude and character at 

multiple scales (Fig. 3.1b) (Klitgord et al., 1988; Behn & Lin, 2000). 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 (Fig. 3.1) (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 (Fig. 3.1). The ECMA also displays amplitude variation at a 100-

150 km wavelength, with magnetic anomaly highs separated by zones of relatively lower 

amplitude (Fig. 3.1b) (Behn & Lin, 2000).  
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A second prominent magnetic anomaly at the ENAM, the Brunswick Magnetic 

Anomaly (BMA), is located inboard and parallel to the ECMA in the Carolina Trough 

before curving westward and proceeding onshore Georgia and Alabama (Klitgord et al., 

1988) (Fig. 3.1). 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 (Lizarralde et al., 1994; Duff & Kellogg, 2019), the negative anomaly 

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., 1983). 

The formation of the Atlantic Ocean followed continental breakup at the ENAM 

(Vogt, 1973). Various tectonic scenarios have been proposed for the early Atlantic 

opening. Scenarios such as a ridge jump (or two ridge jumps) (Vogt, 1973; Klitgord & 

Schouten, 1986; Bird et al., 2007; Schettino & Turco, 2009), asymmetric spreading that 

underwent a drastic change in rate and direction (Labails et al., 2010), or a period of 

proto-oceanic crust prior lithospheric rupture (Shuck et al., 2019) between the ECMA 

and the Blake Spur Magnetic Anomaly (Fig. 3.1) 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. 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. Klitgord & Schouten, 1986; Schettino & 
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Turco, 2009; Labails et al., 2010; Bird et al., 2007; Greene et al., 2017), 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 100-150 km wavelength variation in ECMA amplitude (Fig. 3.1b), 

suggesting that the segmentation of the Mid-Atlantic Ridge was inherited from rifting 

and breakup at the ENAM (Behn & Lin, 2000). Fracture zone traces for the Atlantic 

indicate that this spreading center segmentation has persisted through time, and the 

landward extrapolations of many Atlantic fracture zones intersecting the ECMA between 

amplitude segments (Fig. 3.1) (Klitgord et al., 1988; Behn & Lin, 2000; Greene et al., 

2017).  

 

3.4. Methods 

3.4.1.  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 (Fig. 3.1) (Bankey et al., 2002). 

We created a depth to basement grid to constrain the top of the volcanic wedge by 

merging seismically-derived basement depth grids from the Carolina Trough 

(Hutchinson et al., 1995) and Baltimore Canyon Trough/Georges Bank Basin (Klitgord 

et al., 1994) (Fig. 3.2b). We also compiled available constraints on the extent of the 

volcanic wedge from previous seismic interpretations of SDRs at the ENAM (Fig. 3.2b) 
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(Hinz, 1981; LASE Study Group, 1986; Trehú et al., 1989; Austin et al., 1990; Sheridan 

et al., 1993; Holbrook et al., 1994; Bécel, 2016). 

 

3.4.2.  Magnetic anomaly modeling 

We conducted 2D and 3D magnetic modeling of the volcanic wedge producing 

the ECMA using the Fourier summation approach (Parker, 1973). We first created a 

series of 2D magnetic forward models using profiles perpendicular to the ECMA (Fig. 

B.1, B.2). The volcanic wedge geometry we use in our modeling increases in thickness 

from the inboard pinchout towards a maximum thickness then thins to zero thickness as 

the volcanic wedge transitions into ocean crust on the outboard end (Fig. B.1). The 

volcanic wedge geometries derived from these 2D models were interpolated along the 

margin to create an initial 3D volcanic wedge for our 3D magnetic modeling. The top of 

the 3D modeled volcanic wedge was constrained by the seismically-derived basement 

depth grid (Fig. 3.2b). We then iteratively adjusted the lateral extent (perpendicular to 

the ECMA) and thickness of the 3D modeled volcanic wedge along the margin to 

achieve a calculated magnetic anomaly consistent with the observed ECMA amplitude 

and character (Fig. 3.1a). Both previous studies and our 2D magnetic modeling suggest 

that the volcanic wedge extends landward and seaward of where SDRs are interpreted 

(Eldholm et al., 1995; Talwani et al., 1995; Davis et al., 2018) (Fig. B.1), so we 

incorporated SDRs interpretations (Fig. 3.2b) as a minimum constraint on our modeled 

volcanic wedge extent. 
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Our 3D magnetic model assumed a constant magnetization of 5 A/m, 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 penetrated SDRs at other margins (see Davis et al., 

2018, their figure 3), and is similar to the magnetization used in 2D magnetic modeling 

of volcanic wedges at both the ENAM (Fig. B.1) (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 2D magnetization inversion (Fig. B3) (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 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.  

A maximum depth constraint for 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; Rajam, 2007). A global 

estimation based on magnetic anomaly inversion suggests that the Curie depth at the 
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ENAM is greater than 27 km (Li et al., 2017) (Fig. B.4). 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) (Figs. 3.2a, B.4). 

 

3.5. Results 

3.5.1.  Volcanic wedge distribution and variations 

Our magnetic modeling (Fig. 3.3) shows that the volcanic wedge emplaced as 

part of the breakup magmatism can explain the ECMA (Fig. 3.3) (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 ranges from ~2-17 

km in depth, with the greatest depths in the northern Baltimore Canyon Trough (Fig. 

3.3). The base of our modeled volcanic wedge at its thickest points along the margin 

ranges from ~14-23 km (Fig. B.5). The base of our modeled volcanic wedge is shallower 

than the Curie depths estimates for this area (~23-27 km; Fig. B.4), suggesting that the 

entire modeled volcanic wedge contributes to the magnetic anomaly signal.  
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Figure 3.3 Results of 3D magnetic forward modeling of the East Coast Magnetic 

Anomaly: From top to bottom: Observed magnetic anomaly (Fig. 3.1a), model 

calculated magnetic anomaly, top of modeled volcanic wedge from basement depth 

grid (Fig. 3.2b), and modeled volcanic wedge thickness. Locations of SDR 

interpretations from previous studies indicated by red/white lines (Fig. 3.2b). Grey 

dashed lines show landward extrapolations of major Atlantic fracture zones (Fig. 

3.1b) (Klitgord et al., 1988). 
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Our modeled volcanic wedge exhibits both first-order (~600-1000 km) and 

second-order (~50-100 km) variations in thickness and width along the ENAM (Figs. 

3.3, 3.4). 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 (Fig. 3.3). The 

maximum thicknesses of the modeled volcanic wedge in the Carolina Region is ~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 a narrower distribution of thickness 

compared to the Carolina Region (Fig. 3.3), 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 (Fig. 3.3). However, the strong negative amplitude and width of 

the BMA are not produced by the modeled volcanic wedge (Fig. 3.3). 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).  
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The overall modeled volcanic wedge thickness (Fig. 3.3) is similar throughout 

the entire Mid-Atlantic Region. However, there is a difference in both the modeled 

volcanic wedge depth and orientation within the Mid-Atlantic Region between the 

Baltimore Canyon Trough and Long Island Platform (Fig. 3.3). 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 (Fig. 3.3). The basement depth (representing 

the top of the modeled volcanic wedge) is shallower on the Long Island Platform 

compared to the deep basement of the Baltimore Canyon Trough (Figs. 3.2, 3.3, 3.4). A 

change in ECMA amplitude is coincident with these changes in depth and strike, being 

~100-200 nT higher on the Long Island Platform compared to in the Baltimore Canyon 

Trough (Figs. 3.1, 3.3, 3.4). 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 thicker volcanic wedge; 

rather, it corresponds to a decrease in volcanic wedge depth and change in volcanic 

wedge strike within the Mid-Atlantic Region (e.g. Behn & Lin, 2000) (Figs. 3.2, 3.3, 

3.4). 

The second-order variation in the thickness and width of our modeled volcanic 

wedge mimic the ~100-150 km wavelength amplitude variation along the ECMA (Behn 

& Lin, 2000) (Fig. 3.3, 3.4). Depth variation in the top of the basement has no apparent 

relationship with the 100-150 km wavelength ECMA amplitude variation, suggesting 

that this ECMA variation can be attributed to second-order segmentation of the volcanic 

wedge (Figs. 3.3, 3.4).  
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Magnetic anomalies can also be produced by variations in the distribution of 

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 hydrothermal alteration (Pariso & 

Johnson, 1991) or partial cancellation 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 3D magnetic forward model with a constant volcanic wedge geometry. 

The variable-magnetization model has considerable difficulty recreating both the 

amplitude and character of the ECMA simultaneously by just adjusting this parameter 

(Fig. B.6). It is 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. This suggests that the ECMA cannot be explained 

solely by systematic, along-strike variation in magnetization, and supports the variable 

volcanic wedge thickness and width used in our 3D magnetic modeling (Fig. 3.3). 

However, we cannot rule out some secondary contribution of magnetization variations, 

though these cannot be uniquely separated from modeled volcanic wedge thickness and 

width variations.  
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Figure 3.4 Along-margin extractions along the East Coast Magnetic Anomaly axis 

(see Fig. 3.1b): (a) Observed magnetic anomaly along-strike. (b) Modeled volcanic 

wedge cross-sectional area along-strike. (c) Seafloor (orange), top of modeled 

volcanic wedge (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 Fig. 3.1b) (Klitgord et 

al., 1988). Location of BA-6 (Austin et al., 1990) labeled. 
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3.5.2.  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 (Fig. 3.4). 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 220-450 km2 between the centers and edges of the 

second-order geometry variations within this region (Fig. 3.4). The average cross 

sectional area of the modeled volcanic wedge in the Mid-Atlantic Region is ~225 km2, 

and ranges between 75-450 km2 between the centers and edges of the second-order 

geometry variations within this region (Fig. 3.4). The average cross sectional area of the 

Mid-Atlantic Region is comparatively smaller despite having a greater modeled volcanic 

wedge thickness, and this is due to the broader distribution of modeled volcanic wedge 

thickness in the Carolina Region (Fig. 3.3).  

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 (Fig. 3.2), which consistent with the 
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~350 km2 in our model (Fig. 3.4). 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 million km3 for the volcanic wedge by assuming that a 

100 km wide and 10 km thick volcanic wedge extends 1000 km along the margin. The 

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 (Fig. 3.3). 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 (Fig. 3.3). 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. 

 

3.6. Discussion 

Continental breakup marks the final stage of successful rifting during the Wilson 

Cycle as the rift transitions to seafloor spreading and the formation of ocean basins 

(Wilson, 1966; Bradley, 2008; Stein et al., 2018). The ENAM is an archetypical magma-

rich rifted margin that captures the wholesale process of continental rifting and breakup 

to the initiation of seafloor spreading in a margin-to-basin framework (Fig. 3.5) 

(Klitgord et al., 1988; Sheridan, 1989; Holbrook and Kelemen, 1993; Withjack et al., 

1998, 2012; Lynner et al., 2020). The ECMA marks the volcanic component of the 

magmatism present during continental breakup at the ENAM (e.g. Holbrook and 
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Keleman, 1993; Talwani et al., 1995). Our modeled volcanic wedge can be used to show 

how the margin-scale breakup magmatism at the ENAM compares to both other magma-

rich margins around the Atlantic and other magmatic settings (Crisp, 1984; Eldholm et 

al., 2000; White et al., 2006). Our modeling results also reveal variations in the volcanic 

wedge width and thickness (Figs. 3.3, 3.4) that suggest that both first- and second-order 

magmatic segmentation, represented by along-margin variations in the 

distribution/amount of magmatism, was present at the ENAM during breakup. These 

variations in breakup magmatism impact the extension accommodation and thermal 

weakening that this magmatism provides to facilitate continental breakup (e.g. White & 

McKenzie, 1989; Buck, 2004; Kendall et al., 2005; Bialas et al., 2010; Daniels et al., 

2014). The first-order magmatic segmentation may be related to differences in mantle 

temperature and/or the timing and amount of crustal extension/thinning caused by 

preexisting (inherited) structure acquired during the previous Wilson Cycle (e.g. 

Withjack et al., 2012; Shuck et al., 2019). The second-order magmatic segmentation 

suggests variations in melt production and/or transport during breakup (e.g. Magde & 

Sparks, 1997; Geoffroy, 2001), and may have ultimately governed the segmentation of 

the initial and modern Mid-Atlantic Ridge (e.g. Hayward & Ebinger, 1996; Behn & Lin, 

2000; Bellahsen et al., 2013).   
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Figure 3.5 Schematic of rifting history and breakup magmatism at the Eastern 

North American Margin. 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/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 (Fig. 3.1a). 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 grey lines indicate crustal 

thickness (Talwani et al., 1995; Marzen et al., 2019). 
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3.6.1.  Margin-scale magmatism that drove the Atlantic opening 

Magma-rich rifted continental margins, including the ENAM, bound 75% of the 

Atlantic Ocean and facilitated 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 breakup magmatism 

(Holbrook & Kelemen, 1993; Keen & Potter, 1995), and how these rift settings compare 

with other magmatic settings worldwide (Crisp, 1984; White et al., 2006). 

Understanding the amount and intensity of this margin-scale magmatism provides 

insight into a key component driving continental breakup and the opening of ocean 

basins like the Atlantic Ocean (Buck, 2004; Bialas et al., 2010; Daniels et al., 2014; 

Kendall & Lithgow-Bertelloni, 2016). 

The dimensions of our modeled breakup volcanic wedge at the ENAM are 

consistent with the breakup volcanic wedges, interpreted as SDRs in seismic data, at the 

other magma-rich rifted continental margins of the Atlantic (e.g. Eldholm & Grue, 1994; 

Barton & White, 1997; Talwani & Abreu, 2000; Franke et al., 2007, 2010; Koopmann et 

al., 2014). 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 (Eldholm & 

Grue, 1994; Barton & White, 1997). 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 (Talwani & Abreu, 2000; Koopmann 
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et al., 2014). Our modeled volcanic wedge dimensions (~60-120 km wide; ~4-10 km 

thick) are similar to the dimensions observed at the other magma-rich Atlantic margins 

(Fig. 3.3), which suggests that the margin-scale magmatism at the ENAM is typical of 

the amount of magmatism at magma-rich margins to drive the breakup of Pangaea and 

the Atlantic opening. 

The modeled volcanic wedge can be used to estimate the likely range of 

emplacement rates at the ENAM. There is considerable debate and uncertainty on the 

timing and duration of breakup magmatism at the ENAM due to the lack of direct age 

control and the uncertainty in the relationship between the onshore CAMP volcanism 

and the offshore volcanic wedge (Schlische et al., 2003; Withjack et al., 2012), along 

with the similarity in magnetic anomalies produced by a rapidly emplaced volcanic 

wedge with remanent magnetization (e.g. Talwani et al., 1995) and a slowly emplaced 

volcanic wedge with induced magnetization (e.g. Davis et al., 2018). Proposed ages for 

the breakup magmatism at the ENAM suggest that it could be coincident with the ~200 

Ma CAMP volcanism (Hames et al., 2000; Schlische et al., 2003; Schettino & Turco, 

2009; Witchjack et al., 2012), or up to 25 Myr after CAMP activity (Klitgord & 

Schouten, 1986; Benson, 2003; Labails et al., 2010). Estimated durations for the breakup 

magmatism include 6-31 Myr (Davis et al., 2018), ~15 Myr (Withjack et al., 2012), 2.3 

Myr (Lizarralde & Holbrook, 1997), or as short as 0.6 Myr if the emplacement was 

coeval with the peak CAMP activity onshore (Withjack et al., 2012; Blackburn et al., 

2013). The uncertainty in magmatic emplacement durations makes the estimation of a 

single volcanic emplacement rate difficult. The range of proposed magmatic 
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emplacement durations (0.6 to 31 Myr) coupled with our derived modeled volcanic 

volume (~373,000 km3) suggests that volcanic emplacement rates at the ENAM driving 

breakup were 0.01 to 0.6 km3/yr (Fig. 3.3).  

The range of volcanic emplacement rates for the ENAM can be compared with 

other magmatic settings worldwide (Crisp, 1984; White et al., 2006). Volcanic 

emplacement rates for large igneous provinces and oceanic plateaus include 1.5 km3/yr 

for the Deccan Traps (Richards et al., 1989), 0.78 km3/yr for the Karoo Large Igneous 

Province (Svenson et al., 2012), 1.2-4.6 km3/yr for Shatsky Rise (Sager, 2005), and 3 

km3/yr for Ontong Java Plateau (White et al., 2006). Modern volcanic emplacement at 

Iceland occurs at 0.02 km3/yr (Crisp, 1984). Modern volcanic emplacement rates for a 

1,650 km long section of the fast spreading East Pacific Rise and slow spreading Mid-

Atlantic Ridge, equivalent to our along-margin model length, are 0.16 km3/yr and 0.024 

km3/yr, respectively (White et al., 2006). Under the most rapid emplacement estimate 

coincident with the duration of onshore CAMP volcanism (e.g. Withjack et al., 2012; 

Blackburn et al., 2013), the magmatism at the ENAM (0.6 km3/yr) approaches, but is 

still less than, that of large igneous provinces and oceanic plateaus. If the ENAM 

experienced a long duration of emplacement and slow rate of extension (e.g. Davis et al., 

2018), the margin-scale magmatism (0.01 km3/yr) may have been similar to what is 

experienced at the slow-spreading Mid-Atlantic Ridge, with vertical piling of layers at 

the margin causing a comparatively thicker volcanic section than what is observed at 

spreading centers. Our range of estimated volcanic emplacement rates indicates that the 

high emplacement rates documented within large igneous provinces are not necessary to 
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cause continental breakup. Additionally, the low-end of our estimated ENAM 

emplacement rates suggest that emplacement rates similar to slow-spreading mid-ocean 

ridges, like the modern Mid-Atlantic Ridge, were sufficient to drive the Atlantic opening 

if continental breakup occurred over a longer duration (e.g. Davies et al., 2018). This 

long-duration of breakup with a lower emplacement rate could have been aided by 

lithospheric weakening associated with the thermal effects of CAMP activity (Marzoli et 

al., 2018). 

 

3.6.2. First-order magmatic segmentation during breakup at the ENAM 

3.6.2.1. 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 (Fig. 3.3). The 

modeled volcanic wedge changes from a widely distributed thinner volcanic wedge in 

the Carolina Region to a narrower but thicker volcanic wedge in the Mid-Atlantic 

Region (Fig. 3.3). This change indicates a first-order magmatic segmentation during 

breakup where each region experienced a different distribution and amount of 

magmatism (Fig. 3.5), suggesting that key parameters controlling melt production 

likewise varied along the margin (e.g. Withkjack et al., 2012; Shuck et al., 2019). One 

possible explanation for the change in character of the volcanic wedge is that a rift 

transfer zone exists just north of Cape Hatteras and separates two regions experiencing 

different modes of magma emplacement during breakup (e.g. Bellahsen et al., 2013). 
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Rift transfer zones are commonly observed in rifted continental margins (e.g. 

Franke et al., 2007; Bellahsen et al., 2013) and active rifts (e.g. Hayward & Ebinger, 

1996) to divide a rift into distinct regions. Transfer zones accommodate differences in 

extension within a rift through a system of faults (Hayward & Ebinger, 1996; Bellahsen 

et al., 2013). Key diagnostic geological features of transfer zones include a 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). Transfer zones are thought to be formed at 

preexisting zones of weakness, highlighting the persistence of structure between 

successive Wilson Cycles (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 

(Fig. 3.3). The Hatteras Transfer Zone has formed at a suture zone separating an exotic 

Gondwanan terrane, which is thought to be present under the Chesapeake Bay, from 

Laurentian terranes, creating a preexisting weakness that is spatially correlated with the 

suggested location of this transfer zone (Fig. 3.2b) (Lefort & Max, 1991). This exotic 

Gondwanan terrane is inferred to represent a structural indenter of the Archean West 

African Craton during the Late Paleozoic Alleghanian collision, which was left behind 

during the subsequent continental breakup forming the ENAM (Lefort & Max, 1991). 

The presence of the BMA in the Carolina Region and absence in the Mid-Atlantic 

Region (Klitgord et al., 1988) provides additional support for the Hatteras Transfer 
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Zone. Suggested magnetic sources for the BMA imply 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 the Mid-Atlantic Region (e.g. Hutchinson et al., 

1983; Lizarralde et al., 1994; McBride & Nelson, 1988; Parker, 2014; Duff & Kellogg, 

2019), 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 the inferred suture zone of the isolated 

piece of West African Craton under Chesapeake Bay (Lefort & Max, 1991) highlights 

the influence of preexisting structure on rifting, linking structural elements acquired 

during previous Wilson Cycles to the subsequent period of continental breakup. The 

Hatteras Transfer Zone also represents a key structural element of the rift that separates 

the first-order magmatic segmentation characterized by regions with distinct modes of 

magma emplacement during breakup. Parameters present during continental breakup, 

including the mantle temperature and the mode of crustal extension/thinning, can control 

the amount and distribution of magmatism (Fig. 3.5) (White & McKenzie, 1989; White 

et al., 2008; Keir et al., 2013; Koopmann et al., 2014). We propose that the Hatteras 

Transfer Zone most likely represents the boundary separating two distinct regions with 

combinations of these parameters.  

 

3.6.2.2. Along-margin increase in mantle temperature  

Mantle temperature plays a key role in magma production in rifts (White & 

McKenzie, 1989; White et al., 2008; Shuck et al., 2019). Understanding along-margin 
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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 (Ebinger & Casey, 2001; Buck, 2004; Kendall et al., 

2005; Bialas et al., 2010; Daniels et al., 2014). Based on the first-order magmatic 

segmentation at the ENAM indicated by the first-order variations in the thickness of our 

modeled volcanic wedge (Fig. 3.3), we suggest a south to north increase in mantle 

temperature was present during breakup at the ENAM across the Hatteras transfer zone, 

as warmer mantle temperatures can enhance melting to create greater magma production 

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 (Figs. 3.3, 3.5b, 3.5d). 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 (Fig. 3.3, 3.5b-d). 

Shuck et al. (2019) use seismic velocities and petrological modeling of the MGL1408 

seismic data to infer a ~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 (Fig. 3.2a). 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 (Fig. 3.3) (Shuck et al., 2019).  

Along-margin changes in mantle temperature can be related to the presence of a 

mantle plume (Ebinger & Sleep, 1998) or differences in the amount of thermal insulation 
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caused by preexisting crustal thickness (Shuck et al., 2019). Mantle temperatures, and 

therefore the scale of magmatism, decreases radially from the location of a mantle plume 

(Holbrook & Kelemen, 1993; Ebinger & Sleep, 1998). 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 (Figs. 3.3, 3.4). Furthermore, while a mantle plume has been proposed to 

explain the CAMP volcanism and the (either coeval or later) breakup magmatism at the 

ENAM (White & McKenzie, 1989; Wilson, 1997), the existence of this plume has been 

debated (Marzoli et al., 2018). Available evidence, including magma geochemistry data, 

the timing and extent magmatism, the absence of a crustal thickness anomaly, and the 

lack of a Jurassic hotspot track, does not support the presence of a mantle plume 

(Holbrook & Kelemen, 1993; Kelemen & Holbrook, 1995; McHone, 2000; Marzoli et 

al., 2018).  

A difference in the pre-breakup continental crustal thickness related to a 

difference in basement terranes could have been present prior to breakup at the ENAM, 

which would 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 a suture 

zone from the Late Paleozoic Alleghanian orogeny (320-260 Ma) (Hatcher, 2002; Boote 

& Knapp, 2016) (Fig. 3.2b). This suture zone separates thicker crust (~38 km) of the pre-

Alleghanian Laurentian terranes (and the thick crust of the isolated West African Craton 

beneath Chesapeake Bay; Lefort & Max, 1991), inboard of the Mid-Atlantic Region, 

from thinner crust (~32 km) of the Gondwana accreted terranes in the Carolina Region 
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(Marzen et al., 2019). The thicker 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 difference 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 (Fig. 3.3). 

 

3.6.2.3.  Degree of crustal extension and thinning 

Variations in the timing and amount of extension localization and crustal 

thinning can influence the duration, location, and amount of magma production during 

continental breakup (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 (Fig. 

3.3) is 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 (Fig. 3.5a), crustal extension and thinning became localized near the site of 

eventual continental breakup and was accommodated by magmatism and volcanic 
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wedge emplacement (Withjack et al., 1998). If the timing of extension localization was 

synchronous along the southern ENAM, both the Mid-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 (Fig. 3.3). 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 (Fig. 3.5b). However, the first-order variation in the geometry of our 

modeled volcanic wedge (Fig. 3.3) could instead be explained by a temporal difference 

in magmatic emplacement (Figs. 3.5c, 3.5d). Onshore rift basin activity and inferred 

timings of volcanic wedge emplacement suggest that the localization 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 (Figs. 3.3, 3.5c), 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 
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volcanic layers and the thicker modeled volcanic wedge in this region (Figs. 3.3, 3.5d). 

While this magmatic emplacement occurred in the Mid-Atlantic Region, magmatic 

emplacement would have continued to the south in the Carolina Region (Fig. 3.5d). 

Following volcanic wedge emplacement in both regions, seafloor spreading began 

producing oceanic (or proto-oceanic) crust outboard of the ECMA (Fig. 3.5e) (Klitgord 

& Schouten, 1986; Schettino & Turco, 2009; Labails et al., 2010; Shuck et al., 2019). 

Withjack et al. (2012) suggest that the boundary between the diachronous 

localization of extension and volcanic 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 (Fig. 

3.3). This location coincides with Hatteras Transfer Zone, and also aligns with the 

inferred suture of the isolated piece of the West African Craton beneath Chesapeake Bay 

(Lefort & Max, 1991) (Fig. 3.2b). This location is also just north of an Alleghanian 

suture zone (Fig. 3.2b) between the pre-Alleghanian Laurentian Carolina terrane (to the 

north) and the Gondwanan Charleston/Suwannee terranes (to the south) (Higgins & 

Zietz, 1983; Boote & Knapp, 2016). 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 Laurentian terranes that predominantly make up the Mid-Atlantic Region 

(along with the thick piece of west African Craton beneath Chesapeake Bay; Lefort & 
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Max, 1991). The combination of a preexisting weakness with 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), occurring first in the Carolina Region and later in the Mid-Atlantic Region (Figs. 

3.5c-d). 

 

3.6.3. Second-order magmatic segmentation during breakup at the ENAM 

The remnants of previous Wilson Cycles produced the first-order magmatic 

segmentation at the ENAM (Lefort & Max, 1991; Withjack et al., 2012; Marzen et al., 

2019; Shuck et al., 2019). The signature of the current Wilson Cycle is confined within 

second-order magmatic segmentation that developed during breakup at the ENAM. 

Amplitude variation (100-150 km wavelength) observed in the ECMA and margin 

isostatic gravity anomaly suggests that the ENAM is segmented along the margin (Behn 

& Lin, 2000). Magmatic segmentation at a similar scale is a feature in modern active 

rifts, such as the East African Rift, and indicates along-strike variations in the amount of 

magmatism available to accommodate the transition to mid-ocean ridge seafloor 

spreading (e.g. Ebinger & Casey, 2001; Kendall et al., 2005; Beutel et al., 2010; Keir et 

al., 2013). The along-margin variations in the width and thickness of our modeled 

volcanic wedge, which mimic the 100-150 km wavelength amplitude variation in the 

ECMA, suggest that analogous, second-order magmatic segmentation was present 

during breakup at the ENAM (Figs. 3.3, 3.4, 3.5). This second-order magmatic 

segmentation exists within the first-order magmatic segmentation (Figs. 3.3, 3.4, 3.5), 
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suggesting an independent cause for this segmentation. Second-order magmatic 

segmentation at the ENAM suggests that along-strike variations in melt production (e.g. 

Geoffroy, 2001; Hammond et al., 2013) and/or melt transport (e.g. Magde & Sparks, 

1997; Shillington et al., 2009; Keir et al., 2015) were present during breakup. Following 

continental breakup, the segmentation of the ensuing Mid-Atlantic Ridge may have been 

inherited 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 in either melt production or melt 

transport (e.g. Whitehead et al., 1984; Lin et al., 1990; Magde & Sparks, 1997; 

Geoffroy, 2001; Hammond et al., 2013; Keir et al., 2015). Variations in melt production 

can increase the amount of magma available at the center of each segment (e.g. 

Geoffroy, 2001). Variations in melt production have been explained by focused 

upwelling of warmer asthenospheric mantle associated with small-scale convection 

beneath the center of discrete segments (Whitehead et al., 1984; Schouten et al., 1985; 

Lin et al., 1990; Sempéré et al., 1993; Geoffroy, 2001). Alternatively, melt transport can 

occur at the base of the lithosphere to 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 (Magde & Sparks, 1997; 

Shillington et al., 2009; Keir et al., 2015). This transport process is facilitated by 

buoyancy driven flow and topography at the base of the lithosphere (Magde & Sparks, 

1997; Ebinger & Sleep, 1998). Topography at the base of the lithosphere can be induced 
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by variations in the amount of extension and thinning, which produce locally shallower 

points beneath the segment centers where melt can focus (Shillington et al., 2009).  

The second-order magmatic segmentation at the ENAM during breakup could be 

explained by along-margin variations in magma production, from focused upwelling in 

the asthenosphere (Geoffory, 2001), and/or magma transport at the base of the 

lithosphere (Keir et al., 2015). Focused upwelling is thought to produce modern 

magmatic segmentation in the Afar depression of the East African Rift (Hammond et al., 

2013; Gallacher et al., 2016), the Gulf of California (Wang et al., 2009), and the Mid-

Atlantic Ridge (Lin et al., 1990; Sempéré et al., 1993), and analogous upwelling could 

be responsible for the second-order magmatic segmentation at the ENAM. If sites of 

focused upwelling were present during breakup at the ENAM, the second-order volcanic 

wedge segments in our modeling identify where this upwelling occurred (Fig. 3.3), 

indicating the distribution of small-scale convection cells that developed in the 

underlying asthenosphere during breakup (Geoffroy, 2001).  

The second-order magmatic segmentation at the ENAM could have alternatively, 

or additionally, been caused by melt transport at the base of the lithosphere (e.g. Keir et 

al., 2015). Melt transport at the base of the lithosphere has been proposed to cause 

magmatic segmentation in the East African Rift (Keir et al., 2015), eastern Black Sea 

(Shillington et al., 2009), and mid-ocean ridge segmentation (Magde & Sparks, 1997). 

Analogous melt transport at the base of the lithosphere could conceivably have occurred 

at the ENAM during breakup to create magmatic segmentation (Fig. 3.3). If the second-

order magmatic segmentation at the ENAM was caused by melt transport at the base of 
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the lithosphere, the second-order volcanic wedge segments in our modeling identify 

where the melt was focused (Fig. 3.3), 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. 

Hayward & Ebinger, 1996; Behn & Lin, 2000; Beutel et al., 2010; Bellahsen et al., 

2013). Mid-ocean ridge transform faults can originate from both rift transfer zones, 

related to preexisting structure that was acquired during previous Wilson Cycles, and 

from the magmatic segmentation present during breakup (Bellahsen et al., 2013). 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 transform 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 (e.g. Bellahsen et al., 

2013). The landward extrapolation of the Northern Kane Fracture Zone (Kiltgord & 

Schouten, 1986) and offsets in the linear magnetic anomalies seaward of the ECMA 

(Greene et al., 2017) intersect the ENAM just north of Cape Hatteras, coincident with 

the Hatteras Transfer Zone (Figs. 3.1b, 3.3). The south end of the inferred suture from 

the isolated piece of the West African Craton beneath Chesapeake Bay is also present at 

this location (Fig. 3.2b), representing a preexisting structure formed during the 
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Alleghanian collision of the previous Wilson Cycle (Lefort & Max, 1991). The spatial 

relation of these features suggests that the Mid-Atlantic Ridge transform fault offset 

producing the Northern Kane Fracture Zone was inherited from preexisting structure 

from the previous Wilson Cycle through the Hatteras Transfer Zone during breakup (e.g. 

Bellahsen et al., 2013). 

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 (Fig. 3.3) (e.g. Hayward & Ebinger, 1996; Beutel et al., 2010; Bellahsen et al., 

2013). 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 extrapolations of many Atlantic 

fracture zones also intersect the margin between, or close to, our modeled volcanic 

wedge segments and the Hatteras Transfer Zone (Figs. 3.1b, 3.3, 3.4). The combination 

of similar segmentation scales and coincident fracture zone locations suggests that the 

ensuing spreading center segmentation, which persists in the modern Mid-Atlantic 

Ridge, was inherited from the magmatic segmentation during breakup at the ENAM 

(Fig. 3.5e). This genetic relationship between breakup and seafloor spreading at the 

ENAM supports the hypothesis that mid-ocean ridge segmentation develops from the 

magmatic segmentation and transfer zones associated with continental breakup, linking 

the rifting and seafloor spreading stages of the Wilson Cycle (e.g. Hayward & Ebinger, 

1996; Behn & Lin, 2000; Keranen et al., 2004; Beutel et al., 2010; Bellahsen et al., 2013; 

Hammond et al., 2013; Collier et al., 2017). 
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3.7. Conclusions 

From this study we draw the following conclusions: 

1. The margin-scale magmatism driving continental breakup at the ENAM, 

indicated by our modeled volcanic wedge, was similar in scale to the breakup 

magmatism observed at the other magma-rich rifted continental margins 

bounding the Atlantic Ocean.  

2. Both first- and second-order magmatic segmentation, indicating along-margin 

variations in the distribution/amount of magmatism, were present during 

continental breakup at the ENAM, and can explain the observed along-margin 

variations in the amplitude and character of the ECMA.  

3. 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 differences in mantle temperature and/or the timing and 

amount of crustal extension/thinning, both of which are probably governed by 

preexisting structure acquired during the previous Wilson Cycle. 

4. Second-order magmatic segmentation during breakup at the ENAM could be 

produced by along-margin variations in magma production and/or transport, and 

likely influenced the segmentation and transform fault spacing of the initial and 

modern Mid-Atlantic Ridge. 
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4. DEEP-OCEAN PALEO-SEAFLOOR EROSION IN THE NORTHWESTERN 

PACIFIC IDENTIFIED BY HIGH-RESOLUTION SEISMIC IMAGES 

 

4.1. Overview 

The deposition and diagenesis of pelagic marine sediments together play an 

important role in global geochemical cycles by returning elements, such as silica, from 

the hydrosphere to the geosphere and stably sequestering them within deep-ocean 

sedimentary sections around the world. Here, we present new seismic reflection data 

from the northwestern Pacific that we interpret to indicate a period of erosional activity 

that has returned silica to the hydrosphere and thus represents a departure from uniform 

sequestration of pelagic sediments. The interpreted erosional features are observed as a 

~200- to 300-m-wide variation in reflector character within the ~20-m interval overlying 

the regional chert/porcellanite layer. This reflector character is not consistent with 

uniform pelagic sedimentation, and it has not previously been noted in the northwestern 

Pacific, where most seismic data are lower-resolution. Erosion of seafloor sediments 

could be caused by short-lived bottom-current activity, but the geometry of the observed 

features suggests that fluid-expulsion erosion from diagenesis of primarily siliceous 

sediment plays some role in driving this mass transfer. Regardless of the details of the 

process, erosion of deep-ocean seafloor sediments represents a return of silica and other 

chemicals from the sediment to the bottom water and, if pervasive in the oceans, these 

processes should be accounted for in models of global geochemical cycles.  
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4.2. Introduction 

The deposition, burial, and diagenesis of pelagic marine sediments together 

create a major sink in global geochemical cycles, including the global silica cycle 

(DeMaster, 1981; Tréguer & De La Rocha, 2013; Renaudie, 2016). The silica cycle 

involves the transfer of silica from both the continent to the ocean, through continental 

chemical weathering and the dissolution of terrigenous sediment and dust, and from the 

mantle to the ocean, through the alteration of submarine basalt, all of which contributes 

dissolved silica to ocean water (Tréguer & De La Rocha, 2013). Dissolved silica in 

ocean water is converted to biogenic silica during primary production by marine 

organisms such as diatoms, radiolarians, and silicoflagellates (Nelson et al., 1995). 

Biogenic silica is then sequestered through the sedimentation, burial, and diagenesis of 

siliceous sediment composed of the skeletons of siliceous organisms (Hesse, 1988; 

DeMaster, 2001). Globally, ~3 Tmol per year of silica is transferred from the ocean into 

deep-ocean sediments (DeMaster, 2001). The chemical sequestration represented by the 

formation of marine sedimentary sections is thus an important component of the global 

silica cycle. 

The global silica cycle is linked to other biogeochemical cycles, such as the 

carbon and nitrogen cycles, through the uptake of chemicals during the growth of 

siliceous marine organisms (Ragueneau et al., 2000; Tréguer & De La Rocha, 2013; 

Renaudie, 2016). Primary productivity of siliceous organisms extracts carbon from 

surface waters, and that carbon is then exported to the deep ocean through sedimentation 

(Ragueneau et al., 2000), impacting atmospheric carbon concentrations and global 
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temperature trends (Smetacek, 1999; Renaudie, 2016). Understanding each component 

of the silica cycle, including sequestration within sedimentary sections, thus provides 

insight into marine primary production through time and its relationship to atmospheric 

carbon (Ragueneau et al., 2000; Renaudie, 2016). 

Siliceous pelagic marine sediments are present globally and typically dominate 

the biogenic component of sediments in deep-ocean settings below the calcium 

carbonate compensation depth (Hesse, 1988). Siliceous marine sediments are deposited 

on the seafloor as a silicicous ooze comprised of opal-A, the amorphous silica mineral 

(Hesse, 1988). Silica diagenesis converts pelagic siliceous ooze into dense, stable 

porcellanite and chert (Kastner et al., 1977). This pelagic sedimentation and diagenesis 

creates diagnostic flat-lying reflector packages that are observed in seismic images of 

deep-ocean sedimentary sections around the world (Ewing et al., 1968; Hüneke & 

Henrich, 2011). A widespread chert/porcellanite layer is inferred throughout the 

northwestern Pacific based on seismic observations of flat-lying reflectors that have been 

cored at discrete locations, implying that undisturbed pelagic sedimentation, burial, and 

diagenesis sequestered silica in this region (Heezen et al., 1973; Lancelot & Larson, 

1975; Abrams et al., 1992; Moore, 2008).  

In this study, we present new seismic reflection data that provide insight into the 

formation of the siliceous sedimentary section in the deep-ocean northwestern Pacific 

and suggest that the diagenetic processes acting on deposited sediments may lead to the 

reintroduction of silica back into the hydrosphere. We observe seismic reflector 

character that indicates a period of erosion that affected the paleo-seafloor and likely 
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returned chemicals to the bottom water. This seafloor erosion suggests that the entirety 

of material involved in pelagic sedimentation, burial, and diagenesis in the deep-ocean is 

not necessarily sequestered in the sedimentary section. 

 

 

Figure 4.1 Northwestern Pacific and study area satellite-derived bathymetry data: 

(A) Northwestern Pacific satellite-derived bathymetry (ETOPO1; Amante and 

Eakins, 2009). Orange line denotes the main TN272 survey transect. White circles 

indicate DSDP/ODP drill sites. Dark red line indicates FM3512 Line OP-10 

(Abrams et al., 1992). (B) Close up of TN272 survey (extent indicated by dashed red 

line in Fig. 4.1a). Individual survey segments labeled. Key seismic lines highlighted 

in red (Fig. 4.4-4.6). 

 

4.3. Background 

The Jurassic-age lithosphere in the northwestern Pacific (Fig. 4.1), the oldest in 

the Pacific Ocean, formed south of the equator before moving into the northern 

hemisphere (Lancelot & Larson, 1975). The Pacific plate has undergone pelagic 

sedimentation and diagenesis throughout its history, producing a sedimentary section 

predominantly made up of siliceous and clay sediments, with some volcanoclastic and 
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pelagic carbonate sediment found in the deeper section (Pimm et al., 1971; Heezen et al., 

1973; Lancelot & Larson, 1975; Karl et al., 1992). The sedimentary section of the 

northwestern Pacific, formed through pelagic sedimentation, burial, and diagenesis of 

the siliceous sediment, represents a major sink for silica (Hesse, 1988; DeMaster, 2001). 

Silica diagenesis occurs globally in deep-ocean siliceous sediment (Hesse, 1988), 

including in the northwestern Pacific (Karl et al., 1992; Moore, 2008). Silica diagenesis 

occurs in two phases to transform opal-A, the amorphous silica polymorph that is the 

dominant mineral in siliceous ooze, into opal-CT, the metastable silica polymorph 

mineral making up porcellanite, followed by microcrystalline quartz, the final, stable 

silica polymorph mineral in chert (Hesse, 1988). The silica diagenesis reaction occurs 

via a dissolution and reprecipitation pathway (Kastner et al., 1977). Substantial changes 

to sediment physical properties accompany silica diagenesis, including an increase in 

mineral density and rapid consolidation of the sediment, producing a decrease in 

porosity and overall sediment volume and an increase in bulk density and seismic 

velocity (Kastner et al., 1977; Isaacs, 1981; Guerin & Goldberg, 1996; Meadows & 

Davies, 2009; Wrona et al., 2017). Fluid expulsion accompanies this diagenesis due to 

both the decrease in porosity (10-35 porosity %) during each phase of the reaction 

(Issacs, 1981) and thermochemical dehydration releasing structurally bound water (1.5-

15.3 weight %) (Jones & Renaut, 2004; Davies et al., 2008). The chert and porcellanite 

layer created by silica diagenesis is recognized in seismic data as a high-amplitude 

reflector package (e.g. Ewing et al., 1968; Davies & Cartwright, 2007) due to the high 

seismic-impedance contrast created when the bulk density and seismic velocity of 
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sediments increase as pore fluids are expelled and as opal-A is replaced by denser 

minerals (Guerin & Goldberg, 1996; Wrona et al., 2017). 

As the Pacific plate transited under the high-biological-productivity equatorial 

zone (15°S to 5°N) during the Cretaceous (Late Cenomanian to Late Campanian; ~95 

Ma to 75 Ma), pelagic siliceous ooze, primarily made up of radiolarian tests, was 

deposited at a rate of ~3 m/Myr and subsequently underwent silica diagenesis (Lancelot 

& Larson, 1975; Behl & Smith, 1992; Karl et al., 1992; Larson et al., 1992; Moore, 

2008). Silica diagenesis converted this siliceous ooze (opal-A) into a chert/porcellanite 

(microcrystalline quartz/opal-CT) layer (Hesse, 1988; Behl & Smith, 1992; Karl et al., 

1992). Since leaving the equatorial zone in the Late Cretaceous (Larson et al., 1992), the 

plate has been in a low biological productivity zone that is coincident with the present-

day North Pacific Subtropical Gyre (NPSG) (~15°N to 35°N; Karl, 1999), where 

sediment deposition rates are ~0.5-1 m/Myr, and the sediment type is primarily pelagic 

clays (Karl et al., 1992).  
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Figure 4.2 Multi-channel seismic profile from main TN272 survey transect (Fig. 4.1). Green lines separate individual 

segments (labeled). Orange dashed lines denote intersection of crosslines (labeled). Extent where sedimentary section is 

impacted by Cretaceous volcanism indicated.  
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Multi-channel seismic (MCS) data from the northwestern Pacific show four 

distinct, correlatable reflector packages with flat, horizontal reflectors that are laterally 

continuous throughout the region: (1) a low-amplitude “upper transparent” layer; (2) a 

high-amplitude “upper opaque” layer; (3) a low-amplitude “lower transparent” layer; 

and (4) the acoustic basement (Ewing et al., 1968). Drill-core samples of pelagic clays 

overlying chert/porcellanite recovered at sites throughout the northwestern Pacific, 

including Ocean Drilling Program (ODP) Sites 800 and 801 and Deep Sea Drilling 

Program (DSDP) Sites 45, 46, 198, and 307 (Fig. 4.1), correlate with the paired low-

/high-amplitude reflection packages of the upper transparent and opaque layers observed 

in MCS data (Pimm et al., 1971; Heezen et al., 1973; Lancelot & Larson, 1975; Abrams 

et al., 1992). These pelagic-clay and chert/porcellanite layers are laterally continuous 

and observed throughout much of the northwestern Pacific in MCS data (Hesse, 1988; 

Karl et al., 1992).  

 

4.4. Methods 

High resolution MCS data were acquired during the R/V Thomas G. Thompson 

cruise TN272 to the Jurassic Quiet Zone (Figs. 4.1, 4.2) (Tominaga et al., 2012). The 

MCS data were acquired along an ~800-km-long, northeast/southwest transect using two 

110-in3 generator/injector air guns towed at 4 m depth with a 25-m shot spacing, and a 

48-channel, 870-m-long streamer with a 12.5-m group spacing. Data processing of the 

MCS data involved: (1) application of a 50-200 Hz bandpass filter and manual removal 

of bad/noisy channels; (2) basic velocity analysis to apply a preliminary normal moveout 
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correction and stack; (3) construction of a velocity model based on concurrently 

collected sonobuoy refraction data (Feng et al., 2015); (4) reapplication of the normal 

moveout correction and stack; (5) post-stack Kirchhoff time migration; and (6) 

predictive gap deconvolution. The TN272 MCS data have a higher frequency (20-200 

Hz) than previous seismic data available in the northwestern Pacific (Fig. 4.3) (Abrams 

et al., 1992). These new, higher-resolution data allow for an unprecedented examination 

of the processes forming the deep-sea sedimentary section of the northwestern Pacific. 

 

Figure 4.3 Comparison between new and legacy seismic data for the northwestern 

Pacific (Fig. 4.1A). (A) New MCS data from TN272 Line 2p1, with a 6.25 m CDP 

(common depth point) spacing. (B) Legacy MCS data from FM3512 Line OP-10 

(Abrams et al., 1992), with a 66.66 m CDP spacing.  
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Figure 4.4 Multi-channel seismic profile 2p1. Shows variation in reflector character 

above the chert/porcellanite on the northeastern end of the TN272 survey (Fig. 4.1). 

Bottom panel shows full seismic section. Purple box in bottom panel is expanded 

laterally in the middle and top panels. Middle panel shows seismic section zoomed 

in to show reflector character above the chert/porcellanite layer. Top panel shows 

reflector traces from the shallow time interval in the middle panel. Dashed ovals 

indicate areas of disrupted reflectors that could represent fluid expulsion from sills 

(labeled). 
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Figure 4.5 Multi-channel seismic profile 6p1/6p2. Shows variation in reflector 

character above the chert/porcellanite on the northeastern end of the TN272 survey 

Crosslines 6p1 and 6p2  (Fig. 4.1). Bottom panel shows full seismic section. Blue box 

in bottom panel is expanded laterally in the middle and top panels. Middle panel 

shows seismic section zoomed in to show reflector character above the 

chert/porcellanite layer. Top panel shows reflector traces from the shallow time 

interval in the middle panel. 
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Figure 4.6 Multi-channel seismic profile 10a. Shows flat-lying reflector character 

above the chert/porcellanite on the southwestern end of the TN272 survey (Fig. 4.1). 

Bottom panel shows full seismic section. Green box in bottom panel is expanded 

laterally in the middle and top panels. Middle panel shows seismic section zoomed 

in to show reflector character above the chert/porcellanite layer. Top panel shows 

reflector traces from the shallow time interval in the middle panel. 

 

4.5. Results 

The high-resolution TN272 MCS data from the northeastern section of the survey 

image the paired low-/high-amplitude reflection packages interpreted throughout the 

northwestern Pacific as pelagic clay overlying Cretaceous-age chert/porcellanite (Fig. 



 

112 

 

4.2) (Ewing et al., 1968; Hesse, 1988). However, the new higher resolution MCS data 

reveal a repeated ~200- to 300-m horizontal variation in reflector character in the ~20 m 

interval overlying the high-amplitude chert/porcellanite package over the northeastern 

100 km of the TN272 MCS profile (Fig. 4.4). This variation is manifested as a series of 

discrete zones of horizontal, parallel reflectors that terminate against intervening arcuate, 

concave upward reflectors (Fig. 4.4). The reflectors below this interval are high-

amplitude and generally flat-lying, consistent with what is expected for the regional 

chert/porcellanite layer (Ewing et al., 1968), and the reflectors overlying this interval are 

generally flat-lying, but are depressed downward directly above the arcuate reflectors. 

This reflector variation is observed both along the primary northeast/southwest transect 

and, at the same scale, on crosslines perpendicular to the main survey transect (Figs. 4.2, 

4.4, 4.5), suggesting that these features may exhibit a polygonal planform. This reflector 

variation could also extend beyond the survey area to the northeast. However, similar 

variation does not persist for the southwestern 700 km of the TN272 profile (Figs. 4.2, 

4.6). The southwestern 50 km of the TN272 profile exhibits flat-lying, horizontal 

reflectors (Figs. 4.2, 4.6), while the middle 650 km of the TN272 MCS profile is 

structurally disrupted by the Cretaceous volcanism that affected much of the 

northwestern Pacific (Wessel & Lyons, 1997; Stadler & Tominaga, 2015) (Fig. 4.2). 

Reflector variation with the spatial scale seen on the northeastern section of the survey 

would likely not be easily resolved in lower-frequency MCS data (Fig. 4.3) and be 

misinterpreted in subbottom profiler data, which have ping spacings typically too large 

to enable migration. 
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4.6. Discussion 

4.6.1. Causes of deep-ocean reflector character variation 

The repeated, ~200- to 300-m horizontal reflector character variation observed in 

the TN272 MCS data (Figs. 4.4, 4.5) represents a departure from the seafloor-parallel 

reflectors representative of undisturbed pelagic sedimentation, burial, and diagenesis 

observed in seismic data throughout the northwestern Pacific (Ewing et al., 1968; Pimm 

et al., 1971; Heezen et al., 1973; Lancelot & Larson, 1975; Abrams et al., 1992). This 

reflector character suggests that additional processes beyond pelagic sedimentation, 

burial, and diagenesis affected the formation of the sedimentary section in the 

northwestern Pacific.  

It is difficult to explain the observed repetitive reflector variation as deformation 

from faulting or folding, or as a product, such as turbidites or seafloor bedforms, of 

depositional processes. While faulting does occur in abyssal plain sediments (e.g. 

Williams, 1987), there are no clear reflector offsets present in the seismic data indicative 

of faulting, and faulting could not explain the arcuate nature of the intervening reflectors. 

Folding also seems unlikely given the lack of structures that could plausibly be 

interpreted as folding in this interval and the generally flat-lying nature of the reflectors 

above and below this interval, which should be similarly disrupted if folding affected the 

sedimentary section. Additionally, deep-ocean turbidites (Orwig, 1981; Karl et al., 1992) 

are not likely the cause of the observed reflector variation, particularly given that this 

variation is restricted to the northeastern section of the MCS profile, far away from the 

more prevalent and larger seamounts bounding the central and southwestern portions of 
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the MCS profile (Fig. 4.1). Finally, while seafloor bedforms created by bottom-current 

activity, including mudwaves, are observed at a range of scales, these features are 

typically elongate and their internal reflector geometry is sinuous (Flood & Shor, 1988), 

rather than the truncated, horizontal reflectors observed in the MCS data.  

The spacing and vertical relief of the reflector-character variation observed on 

the northeastern 100 km of the TN272 MCS profile are of a similar scale to the features 

produced by the differential advancement of a silica diagenetic front, where the 

transformation of opal-A to opal-CT occurs at a shallower depth in some locations along 

the diagenetic front (Davis & Cartwight, 2007). For differential advancement to be 

occurring, silica diagenesis would have to be active in the Northwestern Pacific, with 

unconverted siliceous ooze present to sustain the reaction. Presently available 

unconverted siliceous ooze in the northwest Pacific would require that either siliceous 

ooze was deposited while the plate was still within the equatorial zone during the 

Cretaceous (Karl et al., 1992) and has not yet undergone diagenesis, which would 

necessitate slow silica diagenesis at a shallow depth over a long period of time (e.g. 

Riech, 1981), or siliceous ooze was deposited in more recent time within the otherwise 

oligotrophic NPSG (Karl, 1999; Benitez-Nelson et al., 2007). Mesoscale eddies within 

the NPSG have been found to significantly stimulate locally enhanced primary 

production and the export of silica from surface waters (e.g. Karl, 1999; Benitez-Nelson 

et al., 2007). However, to create significant accumulations of siliceous ooze to sustain 

active diagenesis, numerous eddies would have to repeatedly be active over the 

northeastern 100 km of the TN272 MCS profile and the silica produced would need to 
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be buried and preserved at the seafloor to prevent dissolution into the bottom water 

(DeMaster, 2001). Therefore, it seems unlikely that the observed reflector character is 

the product of an active silica-diagenesis front undergoing differential advancement 

unless substantial local enhancement of siliceous ooze accumulation occurs within the 

Northwestern Pacific, and there are no existing observations to support this. 

Additionally, the relief of the reflectors overlying this interval is difficult to reconcile 

with differential advancement (Fig. 4.4), as a characteristic feature of this activity are 

reflectors that are depressed downward directly above the areas that have undergone 

differential advancement due to greater compaction associated with the more substantial 

diagenesis (Davis & Cartwight, 2007). 

The observed repeated ~200- to 300-m horizontal variation in reflector character 

on the northeastern 100 km of the TN272 MCS profile could be interpreted to indicate a 

period of erosional activity acting on the sedimentary section (e.g. Davies et al., 2008; 

Hernández-Molina et al., 2008; Sun et al., 2011; 2016). The reflector terminations 

bounding the zones of horizontal, parallel reflectors could represent erosional truncation 

from erosion into the flat-lying pelagic sediment at the paleo-seafloor (Figs. 4.4, 4.5). 

The arcuate, concave upward reflectors that the zones of horizontal reflectors terminate 

against could represent deformed sediment and/or infill drape onlapping the erosional 

surfaces and filling the void produced by erosional activity (Figs. 4.4, 4.5). 
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4.6.2. Mechanisms and implications of seafloor erosion   

Erosional features, such as those inferred on the northeastern 100 km of the 

TN272 MCS profile, are unexpected in the abyssal northwestern Pacific, and have 

implications for our understanding of the formation of deep-sea sedimentary sections 

and the budgets of global geochemical cycles. The observed reflector character and 

inferred erosional features in the TN272 MCS data suggest that other processes beyond 

pelagic sedimentation, burial, and diagenesis impacted the formation of the sedimentary 

section and could reintroduce silica and other chemicals to the hydrosphere for further 

participation in biogeochemical cycling. Two possible mechanisms that could cause 

seafloor erosion in this setting are bottom current activity (e.g. Hernández-Molina et al., 

2008; Sun et al., 2016) or, perhaps more likely, fluid-expulsion erosion associated with 

silica diagenesis (e.g. Davies et al., 2008; Sun et al., 2011).  

Bottom current activity has been documented to induce seafloor erosion, cutting 

erosional troughs that are later infilled with sediment (Fig. 4.7) (Flood & Hollister, 1974; 

Hollister et al., 1974; Hernández-Molina et al., 2008; Sun et al., 2016). Erosional troughs 

can exhibit a similar spatial scale and reflector character to what is observed in the 

TN272 MCS data (Figs. 4.4, 4.5). Erosional troughs observed in the South China Sea 

(Shao et al., 2007; Sun et al., 2016) have dimensions of 50-1500 m in width and vertical 

relief of 10-90 m, with horizontal reflectors truncating against arcuate, concave upward 

reflectors (e.g. Sun et al., 2016, their figure 10).  
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Figure 4.7 Schematic showing bottom current paleo-seafloor erosion mechanism: 

(A) Initial condition prior to erosion, with pelagic clay and/or siliceous ooze 

overlying a layer of siliceous ooze undergoing diagenesis to form chert/porcellanite. 

(B) Erosion from bottom current activity. Bottom currents oriented in/out of the 

page erode sediment from the paleo-seafloor. (C) Infill of erosional features by 

continued sedimentation following the termination of bottom current activity. 

 

It is difficult to identify an obvious mechanism in the northwestern Pacific for 

past bottom current activity to create erosion on the paleo-seafloor in only a discrete 

interval of the sedimentary section. Present day oceanographic measurements of near-

bottom particulate matter concentrations, related to erosion and resuspension of seafloor 
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sediment, suggest that the northwestern Pacific is presently an area of relatively weak 

bottom current activity (Gardner et al., 2018), and there are no clear explanations to 

support a past departure from this quiescence. Plate reconstructions do not include any 

major land mass reconfigurations near the western Pacific soon after the late Cretaceous 

age of the underlying chert/porcellanite that might induce major, but relatively short-

lived, changes to oceanographic current circulation to cause erosion (Müller et al., 

2016). 

Some factors, such as seafloor topography or oceanographic activity, can locally 

increase bottom current strength and erosional activity. Topographic obstacles to flow or 

restricted gateways can accelerate the velocities and erosive ability of bottom currents 

(Hernández-Molina et al., 2008; Sun et al., 2016). However, the reflectors underlying the 

inferred erosional features have a generally horizontal geometry (Figs. 4.4, 4.5) and 

there are no seamounts visible in the bathymetry adjacent to the northeastern portion of 

the MCS line (Fig. 4.1), making it unlikely that prominent paleo-topographic highs were 

present to influence bottom current flow and increase erosion. The intensification of 

bottom current activity has also been associated with eddies and benthic storms 

(Hernández-Molina et al., 2008; Gardner et al., 2017). Mesoscale eddies in the 

northwestern Pacific have been observed in satellite data to occur in our study area 

approximately once every 1 to 4 years, averaging 16 weeks in duration (Cheng et al., 

2014), and such eddies could have occurred in the past. However, global studies do not 

show high concentrations of near-bottom particulate matter indicative of resuspension by 

bottom currents in the vicinity of our study area, as have been observed in areas with 
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high eddy kinetic energy (Gardner et al., 2018). Additionally, eddy-induced bottom-

current activity would require repeated occurrence of eddies that only locally influenced 

the northeastern 100 km of the MCS profile and did not affect the remainder of the 

transect.  

Fluid expulsion driven by silica diagenesis could plausibly explain the inferred 

erosional features on the northeastern 100 km of the TN272 profile, forming pockmarks 

on the paleo-seafloor (Fig. 4.8). Pockmarks have been documented worldwide (Hovland 

and Judd, 1988; Pilcher & Argent, 2007; Davies et al., 2008; Sun et al., 2011), including 

on the modern seafloor of the northwestern Pacific near ODP Site 801 (Fig. C.1). 

Globally, pockmarks occur at a range of sizes (Hovland & Judd, 1988; Pilcher & Argent, 

2007; Sun et al., 2011), including the ~200- to 300-m-wide, ~20-m-tall dimensions of 

the inferred fluid-expulsion erosional features in this study. Pockmarks also commonly 

occur in fields with numerous, relatively regularly spaced pockmarks (Pilcher & Argent, 

2007), similar to the fairly regular spacing of the inferred fluid-expulsion erosional 

features on the main and cross lines of the TN272 MCS data. The reflector geometry 

expected from fluid expulsion is likewise consistent with our observations, with 

truncated reflectors from the diagenetic shrinking and removal of sediment at the 

location of fluid expulsion, which are then infilled with sediment creating onlapping, 

arcuate, concave upward reflectors (Pilcher & Argent, 2007; Davies et al., 2008) (Fig. 

4.8). 
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Figure 4.8 Schematic showing fluid expulsion paleo-seafloor erosion mechanism: 

(A) Initial condition prior to erosion, with pelagic clay and/or siliceous ooze 

overlying a layer of siliceous ooze undergoing diagenesis to form chert/porcellanite. 

(B) Erosion from fluid expulsion. Fluid expelled from the underlying silica 

diagenesis removes sediment and creates pockmarks on the paleo-seafloor. (C) 

Infill of erosional features by continued sedimentation following the termination of 

fluid expulsion.  

 

Pockmark formation requires a source for the fluid expelled at the paleo-seafloor. 

Igneous sills have been documented to serve as a fluid source for pockmark formation 

(e.g. Jamtveit et al., 2004; Gay et al., 2015), and sills are present in our study area (Figs. 
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4.2, 4.4) that are likely associated with the mid-Cretaceous volcanism of the western 

Pacific (Wessel and Lyons, 1997; Stadler & Tominaga, 2015). A few vertical columns of 

disrupted reflectors suggestive of fluid-migration pathways are spatially correlated with 

sills interpreted in the MCS data (Fig. 4.4), suggesting that the emplacement of these 

sills may have driven fluid expulsion to cause localized sediment deformation. However, 

the inferred pockmarks do not have an associated column of disrupted reflectors beneath 

them extending down to the typical sill emplacement depth, nor are there obvious sills 

directly beneath these features that could serve as a source of fluid (Figs. 4.4, 4.5), 

making it difficult to attribute the inferred erosional features to sill-induced fluid 

expulsion unless there was lateral migration of the fluid within the shallower 

sedimentary section.  

Fluid expulsion to create pockmarks could be sourced from the silica diagenesis 

reaction that formed the chert/porcellanite layer situated directly beneath these inferred 

erosional features (e.g. Davies et al., 2008). Fluid expulsion occurs during silica 

diagenesis due to both the decrease in porosity and the mineral dehydration associated 

with this thermochemical dehydration reaction (Isaacs, 1981; Hesse, 1988; Wrona et al., 

2017). Fluid expulsion from silica diagenesis has been observed around the world (e.g. 

Hesse, 1988; Volpi et al., 2003; Davies and Cartwright, 2007; Davies et al., 2008; Behl, 

2011). Pockmark formation driven by fluid expulsion does not necessarily require a 

catastrophic release of overpressured fluids; rather, it can occur through vertical fluid 

flow and entrainment of sediment grains (Hovland & Judd, 1988). In the northwestern 

Pacific, it is plausible that fluid from the diagenesis of siliceous ooze to form 
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chert/porcellanite could have been expelled in discrete locations to create pockmark 

features on the paleo-seafloor, which have now been buried after continued 

sedimentation and are manifested as the observed ~200- to 300-m variation in reflector 

character with a polygonal planform in the TN272 MCS data (Figs. 4.4, 4.5).  

The volume of water expelled from silica diagenesis that could contribute to 

pockmark formation on the paleo-seafloor, and the associated amount of sediment 

eroded, can be estimated for our study area. The volume of water expelled can be 

estimated based on the amount of chert/porcellanite sediment present and measurements 

from analogous sites of silica diagenesis (Davies et al., 2008). For an average 

chert/porcellanite layer thickness of ~50 m, similar to what is observed at ODP Sites 800 

and 801 (Karl et al., 1992), the original layer of opal-A sediment prior to diagenesis 

would be ~125 m thick, assuming sediment porosities of 0.8 and 0.5 for the sediment 

before and following diagenesis (Meadows & Davies, 2009). The inferred pockmarks 

are present on the northeastern 100 km of the TN272 survey (Fig. 4.2), and a 100 km by 

100 km area would contain ~1,250 km3 of opal-A sediment present prior to silica 

diagenesis. Davies et al. (2008) calculated that the volume of water expelled during 

silica diagenesis is 39% of the volume of opal-A-bearing sediment in the Faeroe-

Shetland Basin. Using this as an analogue for the northwestern Pacific, we estimate that 

~488 km3 of water was expelled from silica diagenesis over a 100 km by 100 km area 

covering the northeastern end of the TN272 survey. The calculated expulsion percentage 

by Davies et al. (2008) is only for the opal-A to opal-CT stage of silica diagenesis, and 

the presence of chert in the northwestern Pacific indicates that diagenesis also proceeded 
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through the subsequent opal-CT to microcrystalline quartz stage, which would further 

release fluid (Isaacs, 1981; Hesse, 1988; Wrona et al., 2017). Therefore, the total volume 

of water expelled from silica diagenesis that was available in this area to create 

pockmarks on the paleo-seafloor could be even greater than what we estimate here. The 

corresponding volume of sediment eroded in our study area during pockmark formation 

on the paleo-seafloor can be estimated assuming 250-m diameter, circular pockmarks 

spaced every 250 m over a 100 km by 100 km area covering the northeastern end of the 

TN272 survey (Figs. 2, 4, 5). Using these assumptions, we estimate that ~40 km3 of 

sediment was removed during the inferred fluid-expulsion erosion in our study area. 

Regardless of the causative mechanism, the inferred erosional features do not 

extend upward to the present-day seafloor, suggesting that the erosional mechanism 

responsible is not presently active and was instead only operating during a discrete time 

interval after the deposition of siliceous ooze that formed the top of the underlying 

chert/porcellanite layer (Karl et al., 1992) (Figs. 4.7, 4.8). If the erosion was from 

bottom-current activity (e.g. Sun et al., 2016), the top of the inferred erosional features 

indicates when bottom current strength decreased. Alternatively, and perhaps more 

likely, if the erosion is driven by fluid expulsion from the underlying silica diagenesis 

(e.g. Davis et al., 2008), the end of pockmark formation could coincide with the waning 

of diagenesis where there was no longer sufficient fluid production to sustain pockmark 

formation. The timing and duration of fluid-expulsion erosion is directly related to the 

timing and duration of silica diagenesis, which is dominantly controlled by the 

temperature conditions governed by burial depth, bottom water temperature, and local 
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heat flow (Kastner et al., 1977; Hesse, 1988; Moore, 2008), and also affected by the 

host-rock lithology and pore-water chemistry (Kastner et al., 1977). The factors that 

control the timing of silica transformation are dependent on local conditions and thus 

may also explain the localized observation of these erosional features. 

An approximate timeframe for the end of the erosional activity can be estimated 

based on the height of the erosional features in relation to the top of the 

chert/porcellanite layer, which has a known age based on regional drilling results. The 

top of the chert/porcellanite layer at ODP Sites 800 and 801, which presumably left the 

equatorial zone at a similar time as the TN272 MCS profile given their similar latitudes 

(~20° N) (Fig. 4.1), has a Late Campanian age (~75 Ma) (Karl et al., 1992; Larson et al., 

1992). The truncated reflectors extend ~20 m above the top of the chert/porcellanite 

layer (Fig. 4.4), representing the paleo-seafloor at the termination of erosional activity. 

Given the ~0.5-1 m/Myr sedimentation rate for the sediment above the chert/porcellanite 

layer recorded at ODP Sites 800 and 801 (Karl et al., 1992), the height of these features 

suggests that erosional activity ended ~20-40 Myr after the Late Campanian, between 

approximately 35 and 55 Ma. If the erosion is from fluid expulsion, silica diagenesis 

could have continued after this time. Since the rates of silica diagenesis are influenced 

by temperature and time (Kastner et al., 1977; Hesse, 1988; Moore, 2008), the shallow 

burial depths and lower temperature during diagenesis in the northwestern Pacific would 

create a longer conversion time (Behl & Smith, 1992) compared to more rapid 

conversion that occurs elsewhere under deeper burial depth and higher temperature 

conditions (e.g. continental margins) (e.g. Davies & Cartwright, 2007). However, the 
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flux of fluid released by the reaction would presumably not have been sufficient to 

create pockmarks beyond this time. 

Deep-ocean sedimentation and burial serves as a major sink in global 

geochemical cycles (DeMaster, 1981; Renaudie, 2016). However, sediment erosion, and 

fluid expulsion, could impact the budgets of these geochemical cycles by facilitating 

sediment dissolution and the release of chemical-rich fluid to the bottom water, returning 

chemicals to the hydrosphere that would otherwise have been sequestered in the 

geosphere. If these inferred erosional features formed (fully or partially) in siliceous 

ooze that had not yet undergone diagenesis, the erosional activity would have re-

suspended unconsolidated siliceous ooze particles into the water column, and the erosion 

itself would have created a greater surface area of siliceous ooze exposed to the bottom 

water (Figs. 4.7, 4.8). Both of these factors would facilitate greater silica dissolution at 

the sediment/water interface to reintroduce silica to the bottom water, as oceanic bottom 

waters are typically highly undersaturated with respect to silica (DeMaster, 2001; 

Tréguer & De La Rocha, 2013). If this erosion was from fluid expulsion, the pore water 

would contain dissolved silica, as silica diagenesis is a dissolution/reprecipitation 

reaction (Kastner et al., 1977). Other chemicals are also released during silica 

diagenesis, including magnesium- and hydroxyl-rich fluids produced during the opal-CT 

to microcrystalline quartz conversion (Davies & Cartwright, 2007). During fluid-

expulsion erosion, the dissolved silica and associated chemicals from diagenesis would 

undergo advective transport and be reintroduced into the bottom water (Fig. 4.8). The 

timing and duration of this chemical return to the bottom water via both fluid expulsion 
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and erosion is controlled by the timing and duration of the silica diagenesis in the 

underlying sediment (Kastner et al., 1977; Hesse, 1988; Moore, 2008). If similar fluid-

expulsion erosion is present throughout the abyssal ocean, the effects of this previously 

unaccounted seafloor erosion, and the associated fluid expulsion, returning chemicals to 

the hydrosphere should be assessed and accounted for in models of global geochemical 

cycles.  

 

4.7. Conclusions 

Seismic images of repeated ~200- to 300-m horizontal variation in reflector 

character on the northeastern 100 km of the TN272 MCS survey may indicate that 

erosional activity took place during the formation of the northwestern Pacific 

sedimentary section. Erosional activity implies that a causative mechanism, present for a 

discrete period of time, acted on the sedimentary section to create erosional features 

restricted to a ~20 m interval above the regional chert/porcellanite layer in the MCS 

data. Paleo-seafloor erosion could have been facilitated by bottom current activity or 

fluid expulsion, but the geometry and setting of the observed features favors fluid-

expulsion erosion stemming from the underlying silica diagenesis reaction that formed 

the regional chert/porcellanite layer. Observation of these interpreted fluid-expulsion 

erosional features were enabled by high-resolution MCS data. Similar fluid-expulsion 

erosional activity may be present elsewhere throughout the northwestern Pacific and in 

other deep-ocean settings around the world, and could return chemicals from seafloor 

sediments back into the ocean bottom water. Our results show that additional processes 
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beyond pelagic sedimentation and diagenesis, such as seafloor erosion, can occur during 

the formation of deep-ocean sedimentary sections. If seafloor erosion, possibly driven by 

diagenesis, is a pervasive process in the oceans, then the impact of this process on global 

geochemical cycles should be assessed and accounted for in global biogeochemical 

models. 
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5. CONCLUSIONS 

 

The oceanic lithosphere formation and early seafloor spreading history of the 

North Atlantic Ocean was investigated by analyzing magnetic anomaly data from the 

Eastern North American Margin (ENAM). Magnetic anomaly correlations were refined 

throughout the ENAM and early Atlantic, and five new coherent, correlatable magnetic 

anomalies were identified that may document the earliest seafloor spreading of the 

Atlantic Ocean. Calculated seafloor spreading rates for the early Atlantic opening were 

slower in the north compared to the south, and a 15° counterclockwise reorientation of 

the spreading axis was found that could be caused by asymmetric spreading and/or 

westward ridge jumps. This seafloor spreading activity accommodated a straightening of 

the ridge from the prominent bend in the East Coast Magnetic Anomaly (ECMA) to the 

more linear strike of magnetic anomaly M25 and the modern Mid-Atlantic Ridge 

(Section II). 

Magnetic modeling was used to identify the amount and distribution of magmatic 

activity that drove continental breakup at the ENAM. Modeling results indicated that the 

margin-scale magmatism at the ENAM was similar in scale to the breakup magmatism 

observed at the other magma-rich rifted continental margins bounding the Atlantic 

Ocean. Both first- and second-order magmatic segmentation were identified at the 

ENAM. The first-order magmatic segmentation could be related to parameters governed 

by preexisting structure acquired during the previous Wilson Cycle. The second-order 
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magmatic segmentation during breakup likely influenced the segmentation and 

transform fault spacing of the initial, and modern, Mid-Atlantic Ridge (Section III). 

Seismic reflection data from the northwestern Pacific Ocean was used to 

investigate the formation of the sedimentary section and its role as a sink in global 

geochemical cycles. An unexpected variation in seismic reflector character was 

interpreted to indicate that a discrete period of seafloor erosion was present, impacting a 

~20 m interval in the sedimentary section and terminating between 35 and 55 Ma. Paleo-

seafloor erosion could have been caused by bottom current erosion or fluid expulsion 

from the underlying silica diagenesis reaction, but evidence favors fluid-expulsion 

erosion stemming from silica diagenesis. Similar processes may be present elsewhere 

throughout the ocean. If seafloor erosion is a pervasive process in the oceans, then the 

impact of this process should be assessed and accounted for in global biogeochemical 

models (Section IV). 
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APPENDIX A 

SUPPLEMENTARY MATERIAL FOR SECTION 2 

 

Figure A.1 Shows magnetic anomaly superposition from slower spreading during a 

period of rapid polarity reversals in the Atlantic JQZ. Synthetic magnetic anomaly 

profiles were created for a variety of half seafloor spreading rates. More rapid 

spreading rates better display the magnetic anomaly signal from individual chrons, 

which could then be used to determine chrons creating the peaks and troughs for 

the comparatively slower spreading rates in the OMQZ. 
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APPENDIX B 

SUPPLEMENTARY MATERIAL FOR SECTION 3 

 

Figure B.1 2D magnetic forward models of the ECMA along ENAM seismic lines. 

(a) LASE, (b) EDGE Line 801, (c) USGS Line 32, and (d) BA-6. Red dashed line is 

calculated magnetic anomaly; green line is observed magnetic anomaly (Fig. 3.1). 

Constraints provided by previous SDR interpretations (Fig. 3.2b). Remanent 

magnetization of 5 A/m used, 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). Model results are consistent with previous 2D magnetic 

models at the ENAM (e.g. Talwani et al., 1995).  
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Figure B.2 Magnetic forward modeling sensitivity to source body thickness changes. (a) Calculated (dashed lines) and 

observed (green line) (Fig. 3.1) magnetic anomaly. (b) Model source volcanic wedge geometry. Color of wedge base line 

matches corresponding anomaly in panel a. Red dashed line corresponds to the geometry in the EDGE Line 801 2D 

forward model (Fig. B.1b). (c) Plot of maximum source wedge thickness vs maximum amplitude of resulting magnetic 

anomaly. Analysis suggests that every 500 m change in the maximum thickness of volcanic wedge produces a ~10 nT 

change in the maximum magnetic anomaly amplitude. 
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Figure B.3 2D inversion for volcanic wedge magnetization (Parker and Huestis, 1974). (a) Magnetic anomaly. Red 

dashed line is calculated magnetic anomaly using inverted magnetization distribution; green line is observed magnetic 

anomaly (Fig. 3.1). (b) Model volcanic wedge geometry. Model constrained by seismic interpretations of SDR wedge at 

EDGE Line 801 (Sheridan et al., 1993; Talwani et al., 1995). Thickness at edges of wedge is 1 km to avoid instability 

that occurs in inversion as source body thickness approaches 0 km. (c) Inverted magnetization distribution along 

profile. Inversion assumes remanent magnetization 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). Inversion shows that ECMA can 

be explained by a magnetic volcanic wedge, with a magnetization in the vicinity of 5 A/m. 
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Figure B.4 Curie point depth at the ENAM. (a) Plot of global estimated Curie depth grid derived from magnetic 

anomaly inversion (Li et al., 2017). ECMA extent indicated by black/white contours (Fig. 3.1a) (Klitgord et al., 1988). 

Black diamond indicates location of heat flow Site V20-232. (b) Estimate of the Curie depth based on heat flow data 

collected at Site V20-232 (Pollack et al., 1993). Site data retrieved from GeoMapApp (http://www.geomapapp.org). 

Surface heat flow, seafloor depth, and sediment thermal conductivity measured at Site V20-232. Basement depth from 

seismically-derived basement depth grid (Klitgord et al., 1994) (Fig. 3.2b). Range of basalt thermal conductivities from 

Robertson (1988). Magnetite Curie point of 580°C assumed (Rajam, 2007). Calculation done following Sleep and Fujita 

(1997). 
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Figure B.5 Results of 3D magnetic forward modeling, including base of modeled 

volcanic wedge. From top to bottom: Observed magnetic anomaly (Bankey et al., 

2002), model calculated magnetic anomaly, top of modeled volcanic wedge from 

basement depth grid (Fig. 3.2b), base of modeled volcanic wedge, and modeled 

volcanic wedge thickness. Locations of SDR interpretations from previous studies 

indicated by red/white lines (Fig. 3.2b). Grey dashed lines show landward 

extrapolations of major Atlantic fracture zones (Fig. 3.1b).
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Figure B.6 3D forward model of the Baltimore Canyon Trough using a variable along-strike magnetization. (a) 

Magnetization distribution. (b) Calculated magnetic anomaly. (c) Observed magnetic anomaly (Fig. 3.1). Volcanic 

wedge in model uses geometry derived from EDGE Line 801 2D forward model (Fig. B.1b), extended along-strike.
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APPENDIX C 

SUPPLEMENTARY MATERIAL FOR SECTION 4 

 

Figure C.1 Supplementary Figure 1. DSL-120A (A) sidescan and (B) phase 

bathymetry showing pockmark terrain on the modern seafloor of the northwestern 

Pacific near ODP Site 801. Pockmarks are ~100 m in diameter and ~5 m deep. High 

backscatter in sidescan is dark grey; low backscatter is light gray. (C) Map showing 

location of DSL-120A data shown (red star) in relation to ODP Site 801 (orange 

circle) and TN272 MCS profile (orange line). Data collected during the R/V 

Thomas G. Thompson cruise TN152. 

 


