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A B S T R A C T   

The rifting and breakup of continents, and subsequent seafloor spreading, give rise to passive continental 
margins, many of which are underlain by enormous volumes of igneous rocks and termed volcanic passive 
margins. The relationships between the igneous rocks, rifting, and mantle plumes remain unresolved despite 
extensive studies and proposed alternative models. To support such studies, we use published, previously 
interpreted, seismic reflection and refraction data to compile a dataset of igneous rock volumes and geometries at 
volcanic passive continental margins. The VOLMIR (VOLcanic passive Margin Igneous Rocks) dataset is based on 
margin-crossing profiles on which the volumes and geometries of both shallow seaward dipping reflector (SDR) 
and deeper high velocity lower crustal (HVLC) units can be measured. It includes information about the ages of 
continental breakup, and profile distances from the associated Euler pole and from hotspots that may have 
played roles in the breakup process. Despite local variations, the dataset shows general patterns. The average 
ratio of SDR to HVLC volumes, ~0.3–0.4, is relatively consistent between profiles, implying that formation of 
these units is related during continental breakup. The volumes of igneous rocks display a moderate positive 
correlation with distances from the Euler pole, but only a weak negative correlation with distances from the 
nearest hotspot (at the time of margin formation), suggesting that in continental breakup lithospheric processes 
(passive rifting) have greater effects than hotspots (active rifting). These results suggest that this dataset will be 
useful for exploring aspects of the rifting process, relationships between volcanic rifted margins, and potential 
explanations for their similarities and differences.   

1. Introduction 

The rifting and breakup of continents, and subsequent seafloor 
spreading, give rise to passive continental margins, zones of transition 
between continental and oceanic portions of the same plate (Fig. 1). The 
formation of these margins can be divided into three stages: 1) rifting, in 
which crustal stretching occurs, 2) breakup, in which the crust and 
mantle rupture, and 3) drifting (seafloor spreading) in which continental 
crust on either side continues to diverge as oceanic crust forms in be
tween (Huismans and Beaumont, 2011; Busby and Azor Pérez, 2012; 
Norcliffe et al., 2018; Alves et al., 2020). These stages are defined in 
various related but different ways. For example, breakup is defined by 
Harkin et al. (2020) as the rupture and separation of continental crust 
and lithosphere, by Geoffroy et al. (2015) as when the integrated 

strength of the rifting lithosphere drops to zero, and by Bronner et al. 
(2011) as ending when seafloor spreading begins. Thus the stages can 
overlap, illustrating the complexities involved. For example, faulting 
and earthquakes along the East African rift show that the crust retains 
finite strength down to 30 km (Shudofsky et al., 1987). GPS data show 
that the distinct Nubian and Somalian plates on either side are moving 
apart (Saria et al., 2013), although seafloor spreading has not yet star
ted, as it has along the other two arms (Gulf of Aden and Red Sea) of the 
three-plate (Nubia-Somalia-Arabia) system (Zwaan et al., 2020). 

Seismic reflection and refraction studies show that most rifted mar
gins are underlain by enormous volumes of igneous rocks resulting from 
extensive magmatism during rifting and breakup, and are thus termed 
volcanic, or magma-rich margins (Roberts and Bally, 2012; Franke, 
2013). Hence volcanic passive margins are generally considered to be 
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Large Igneous Provinces (LIPs) (Eldholm and Grue, 1994). These typi
cally formed where continental breakup was associated with the erup
tion of continental flood basalts, dikes, and sills during prerift and/or 
synrift stages of continental separation, in which large-scale melting 
gave rise to thick igneous units (Menzies et al., 2002). This process is 
often hypothesized to involve mantle plumes (e.g., Dewey and Burke, 
1974), although this hypothesis remains controversial (Foulger and 
Jurdy, 2007). 

However, the details on the relationship between rifting and 
breakup, igneous units, and mantle plumes remain unclear despite 
extensive observational and modeling studies (Menzies et al., 2002; 
Mjelde et al., 2002; Geoffroy, 2005; Faleide et al., 2008; Blaich et al., 
2011; Franke, 2013; Biari et al., 2017). A useful tool for such studies 
would be a global dataset of volcanic passive margin properties that 
could be employed to identify similarities and differences, and thus 
explore their causes. Accordingly, we use seismic reflection and refrac
tion data along previously published and interpreted profiles across 
magma-rich (volcanic) passive continental margins to compile a dataset 
of igneous rock volumes. The dataset also includes information about 
the tectonics of these margins’ formation, namely the ages of breakup, 
volcanism, and initiation of seafloor spreading, proximities to the Euler 
pole associated with rifting and distance from hotspots that may have 
influenced the rifting process. 

2. Volcanic units 

Seismic surveys show that volcanic passive margins have a charac
teristic general architecture, with local variations (e.g., Eldholm and 
Grue, 1994; Geoffroy, 2005; Schnabel et al., 2008; Koopmann et al., 
2014) (Fig. 2). Heavily intruded and thinned continental crust, transi
tional between continental and oceanic crust, is overlain by seaward 
dipping reflectors (SDRs), which result from packages of volcanic flows 
interbedded with volcaniclastic sediments and tuffs (e.g., McDermott 
et al., 2018). The high-amplitude reflections are thought to result from 
interference between closely spaced flows (Planke and Eldholm, 1994). 
SDRs form throughout the rifting-breakup-initial seafloor spreading 
sequence (Soares et al., 2012; Alves and Cunha, 2018; Alves et al., 2020; 
Harkin et al., 2020). Although most SDRs occur landward of the oldest 
oceanic crust, yielding large magnetic anomalies landward of the oldest 
seafloor spreading anomalies (Davis et al., 2018), some SDRs occur 
above oceanic crust. The transitional crust and in some cases oldest 
oceanic crust are underlain by a high velocity lower crustal (HVLC) unit 
(e.g., Menzies et al., 2002; Blaich et al., 2011; Franke, 2013; Eddy et al., 
2014). Because volcanic passive margins and nonvolcanic passive mar
gins (passive margins lacking extensive breakup-associated magmatism) 

are end members of a spectrum (Franke, 2013), some margins may fall 
between the end members. For our purposes, a margin is considered 
volcanic if it contains evidence of an SDR unit on a previously inter
preted seismic profile. 

Because various authors use different nomenclature in interpreting 
their profiles, we adopt criteria for consistent characterization. 

SDRs are seaward dipping reflector units, typically wedge-shaped 
thickening seaward, located at or near the continent-ocean boundary 
(Mutter and Detrick, 1984; Menzies et al., 2002; Franke, 2013; Geissler 
et al., 2017; Tugend et al., 2018). SDRs can be up to 10–20 km thick, 
extend oceanward for tens to hundreds of kilometers, and extend along 
margins for hundreds to thousands of kilometers (McDermott et al., 
2018; Norcliffe et al., 2018; Tian and Buck, 2019). Drill core analyses 
find that SDRs consist of interbedded thick basaltic flows and thin 
sediment deposits (e.g., White et al., 1987; Geoffroy, 2005; McDermott 
et al., 2018; Paton et al., 2017; Tian and Buck, 2019). They are thought 
to have erupted in subaerial or shallow marine environments (e.g., 
White et al., 1987; Geissler et al., 2017). 

In compiling VOLMIR, SDRs were defined as units satisfying several 
of the following descriptors:  

1. Wedges of seaward dipping reflectors that thicken oceanward, often 
with high seismic reflection amplitudes, on or near the continent- 
ocean boundary.  

2. The reflectors may be horizontal at their farthest landward extent, 
but can dip up to 20◦ or more seaward, or have a concave down 
(convex up) curvature.  

3. Interbedded basaltic material, sediments, volcaniclastic deposits, 
volcanic tuff, and/or hyaloclastite. 

4. Formation at the time of continental rifting, breakup, or initial sea
floor spreading.  

5. Extend oceanward tens to hundreds of kilometers, along-margin for 
hundreds to thousands of kilometers, and up to 10–20 km thick. 

Fig. 1. Schematic illustration of the Wilson cycle, showing modern areas at each stage (Stein and Wysession, 2003). Passive margins, denoted by “PM”, form by 
continental rifting and breakup followed by initial seafloor spreading that forms a young ocean basin. 

Fig. 2. Simple schematic cross section through a rifted volcanic passive margin, 
showing characteristic tectonic elements, after Geoffroy (2005). 
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HVLC units are observed on many seismic profiles as thick units, far 
below the SDRs, with an unusually high P-wave velocity (White et al., 
1987; Keen et al., 1987; Tréhu et al., 1989; Diebold et al., 1988; Austin 
et al., 1990; Sheridan et al., 1993; Menzies et al., 2002; Blaich et al., 
2011; Franke, 2013). Their P-wave velocities range between 7.2 and 7.7 
km/s, significantly higher than the typical velocity of oceanic crust, 
~6.4–6.6 km/s (Geoffroy, 2005). Due to the depth of HVLCs, they are 
not directly sampled by drilling, so their exact nature is unknown. 
However, modeling of the gravity signatures and other analyses find that 
a magmatic HVLC best fits the data (Holbrook and Kelemen, 1993; 
Kelemen and Holbrook, 1995; Mjelde et al., 2002; Becker et al., 2014; 
Paton et al., 2017). HVLCs are up to 25 km thick (Kelemen and Hol
brook, 1995; Menzies et al., 2002). 

In VOLMIR, HVLCs are defined as units satisfying several of the 
following:  

1. A body with seismic velocities from 7.2 to 7.7 km/s.  
2. Up to 25 km thick, above the Moho and typically below SDRs.  
3. Thought to be magmatic in origin with formation at the time of 

continental breakup.  
4. Located between continental and oceanic crust. 

3. VOLMIR dataset 

Fig. 3 illustrates how SDR and HVLC units were classified on previ
ously published and interpreted seismic profiles by the scheme listed 
above. Units’ boundaries were digitized and their cross-sectional areas 
projected in the extension direction were measured using the publicly 
available Java image analysis program ImageJ (Schneider et al., 2012) 
(https://imagej.net/Welcome). 

Profile locations are shown in Fig. 4. Although the profiles give two- 
dimensional cross-sectional areas of units, we assume the areas are 
proportional to volumes in adjacent regions. Comparisons between 
nearby profiles support this assumption (Fig. 4). The dataset is based 
preferentially on margin-crossing profiles on which the volumes (i.e. 
cross-sectional areas) of both shallow SDR and deeper HVLC units can be 
measured. We also used some profiles on which SDR volumes could be 
assessed, even if the HVLC volumes could not. 

We consider the sum of SDR and HVLC volumes on a profile to be the 
total rift-related igneous material on the profile. This approximation 
neglects the volume of intrusions into thinned continental crust, which 
we have no good way to assess. For most of our analyses, this choice has 
little effect because we compare volumes between profiles rather than 
absolute volumes. Because HVLC units typically lie at considerable 
depth and thus can be difficult to resolve on the seismic lines, the 
minimum requirement for inclusion in the VOLMIR dataset (and clas
sification as a volcanic passive margin) is the presence of SDRs. Due to 
uncertainties in measuring volumes of buried material, the volumes 
should be considered approximations to highlight general patterns 
rather than precise measurements. 

Margin profiles used in the dataset, publication source, units and 
classification criteria are listed in Table 1. The measured volumes of 
SDR, HVLC, and total igneous units are given in Table 2. 

For Atlantic Ocean margins, the dataset also includes information 
about the ages of continental breakup, proximity from Euler pole asso
ciated with rifting, and distance from hotspots that may have played 
roles in the rifting (Tables 3 and 4). The locations at time of rift for
mation of the associated Euler pole and hotspots were obtained from 
PALEOMAP_GlobalRotationModel_19a.rot and 07hotspotsv15a3.gmpl, 
respectively, in the GPlates software documentation (Müller et al., 2018) 
(www.gplates.org). 

4. Results 

Despite the uncertainties in all stages of the compilation process, 
including local variations in structure and the challenge of combining 
seismic sections acquired and processed differently, we find that useful 
patterns emerge. 

4.1. Average volumes of igneous units 

For the profiles, the average SDR volume is 372 km2 and the average 
HVLC volume is 844 km2. A histogram of SDR volumes (Fig. 5) shows 
five outliers at one standard deviation. These outliers (Transect 3 
Namibia – 949 km2, Walvis – 1100 km2, Pelotas South – 1526 km2, 
Luderitz – 1808 km2, and Punta del Este – 2356 km2) have SDR volumes 
of 900 km2 and greater. The average volume excluding these outliers is 
217 km2 with a median of 185 km2. 

The outliers are from the South Atlantic and appear as high total 
volcanic volume lines in Fig. 4. These margins are thought to have been 
affected by the Tristan de Cunha hotspot which formed the Rio Grande 
and Walvis Rises on the South American and Nubian plates (Gladczenko 
et al., 1998; Blaich et al., 2011; Reuber and Mann, 2019). Possibly, this 
hotspot contributed more melt to the margins, resulting in higher SDR 
volumes than at other margins. The Paraná-Etendeka continental flood 
basalts (LIPs) of South America and Africa are also considered to have 
formed as a result of the Tristan de Cunha hotspot at the time of rifting 
between the continents, further supporting the view that the hotspot 
produced significant melt (Reuber and Mann, 2019). 

4.2. Ratio of igneous units 

We observe a relatively consistent ratio of SDR to HVLC volumes 
between profiles (Fig. 6). The median ratio is 0.29, indicating that SDR 
volumes are approximately 29% that of HVLC. The mean ratio, 0.38, is 
skewed high by two outliers. 

The first outlier, with a ratio of 1.55, is the Transect 3 line located off 
the coast of Namibia (Gladczenko et al., 1998). This line has poor res
olution at depths below ~15 km, so we interpret the high ratio as due to 
incomplete imaging of the full HVLC unit. The second outlier, with a 

Fig. 3. Vøring 4 profile (Faleide et al., 2008) (Table 1) illustrating SDR and HVLC unit classifications, via criteria listed in the text.  
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ratio of 1.95, is the Gernigon West line near Greenland (Gernigon et al., 
2015). This location is interpreted as a remnant of the continental 
marginal plateau and thus does not contain the full passive margin 
(Gernigon et al., 2015). It is likely that this area was separated from the 
rest of the margin, and some of the associated HVLC did not remain 
attached to the portion of crust containing the SDR. 

The relatively consistent average ratio suggests that formation of the 
SDR and HVLC units are genetically related during continental rifting 
and breakup, as discussed later. Presumably, as a lower density melt 
rises to form SDRs, the remaining high-density residuum or cumulate 
becomes the HVLC. Mantle-melt interaction and magma processing at 
the crust/mantle boundary over an extended period would produce a 
pyroxenitic cumulate mush from which melt is extracted (e.g. Rooney 
et al., 2017). This melt would then erupt as moderately evolved basalts 
to form SDRs. This process would be analogous to that proposed based 
on data from present and past areas of continental rifting (Vervoort 
et al., 2007; Thybo and Artemieva, 2013). 

4.3. Distances from Euler pole and hotspot associated with rifting 

For margins in the Atlantic Ocean, we compiled the associated Euler 
pole and hotspot locations at the time of continental breakup/margin 
formation. The profiles were split into groups, representing the North 
Atlantic, Mid-Atlantic, and South Atlantic. Each group’s associated Euler 
pole, hotspot, and time of breakup are listed in Table 3. 

SDR volumes versus the angular distance of each margin from the 
associated Euler pole and hotspot at the time of continental breakup are 
shown in Fig. 6. Due to the previously mentioned difficulty in resolving 
HVLC units, and that HVLC can develop over multiple cycles (e.g. 
Rooney et al., 2017), we consider SDR volumes to be the most robust 
volcanic unit for comparison. As mentioned, the observed relatively 
consistent ratios between SDR and HVLC volumes indicate that SDR 
volumes are proportional to overall total volcanic volumes. The location 
of the margin determined through past reconstructions via GPlates 
(Table 4) represents a midpoint along the seismic line. 

The volumes of igneous rocks on different profiles are moderately 
positively correlated with distances from the Euler pole (Fig. 7). In 

contrast, the volumes show a weak negative correlation with distance 
from the nearest hotspot. These trends are expected, because more 
magma should be generated at locations further from the Euler pole, 
where spreading rates are faster and thus net extension greater, and 
more melt should be generated closer to a hotspot. The relative strengths 
of the correlations suggest that in continental breakup lithospheric 
processes, which are termed passive rifting, as discussed shortly, have 
greater effects than hotspots, termed active rifting. This view is consis
tent with studies (Lundin et al., 2014, 2018) that find a correlation be
tween extension rates and magma production during rifting. 

5. Potential applications of the dataset we have compiled and 
present 

We envision the VOLMIR dataset being valuable for various studies 
addressing fundamental questions about rifting, breakup, and passive 
margin formation that remain unresolved despite extensive studies and 
proposed alternative models. These include: 

5.1. How do continental rifting and breakup generate such large volumes 
of magmatic rocks? 

Despite its importance, much remains to be learned about how and 
why continental rifting occurs. Two end-member models (Fig. 8) have 
been discussed for many years (Sengor and Burke, 1978). In one, 
“active” rifting and breakup are a response to melting in the underlying 
asthenosphere or deeper mantle as a result of mantle plumes or shal
lower thermal or compositional anomalies, as commonly proposed for 
the East African Rift (Ebinger and Sleep, 1998). In the other, continental 
rifting and breakup are a “passive” response to stresses transmitted 
within the lithosphere, as appears to be the case along the Baikal Rift 
where the Amurian plate diverges from Eurasia (Calais et al., 2003). 

It is consequently unclear whether large-scale magmatism is a cause 
or effect of rifting, and the associated mantle dynamics remain unre
solved. A key aspect of this issue is how the large volumes of igneous 
rocks at passive margins are generated. It has long been proposed that 
excess temperatures associated with hotspots/plumes are required to rift 

Fig. 4. Locations of previously published seismic profiles included in VOLMIR with line colors correlating to the volume of total volcanics.  
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Table 1 
Profiles included in VOLMIR with their original publication, figure number from the original publication, unit names from the original publication, and which criteria 
each unit satisfied for our reinterpretation.  

Profile Original Publication Figure Name of SDR unit Reclassification criteria 
satisfied for SDR 

Name of HVLC unit Reclassification criteria 
satisfied for HVLC 

Pelotas Blaich et al. (2011) 9 Pre/syn rift, SDRs 1, 3, 4 Transitional domain 1, 2, 3, 4 
Walvis Blaich et al. (2011) 10 Pre/syn rift, SDRs 1, 3, 4 Transitional domain 1, 2, 3, 4 
Colorado Blaich et al. (2011) 12 Pre/syn rift, SDRs 1, 3, 4 Transitional domain 1, 2, 3, 4 
Orange Blaich et al. (2011) 12 Pre/syn rift, SDRs 1, 3, 4 Transitional domain 1, 2, 3, 4 
Lofoten- 

Vesterålen 
Faleide et al. (2008) 3 Extrusives 1, 3 7+ km/s lower crustal 

body 
1, 3 

Lofoten Faleide et al. (2008) 3 Extrusives 1, 3 7+ km/s lower crustal 
body 

1, 3 

Vøring4 Faleide et al. (2008) 3 Extrusives 1, 3 7+ km/s lower crustal 
body 

1, 3 

Vøring3 Faleide et al. (2008) 3 Extrusives 1, 3 7+ km/s lower crustal 
body 

1, 3 

Vøring2 Faleide et al. (2008) 3 Extrusives 1, 3 7+ km/s lower crustal 
body 

1, 3 

Møre Faleide et al. (2008) 3 Extrusives 1, 3 7+ km/s lower crustal 
body 

1, 3 

801 Mid Atlantic Holbrook and 
Talwani (1994) 

15 Basalt (just left edge) 1, 3, 5 high-MgO Intrusives, 
mafic intrusives 

1, 2, 3, 4 

Uruguay Becker et al. (2014) 5 SDR’s 1 HVLC 1, 3 
Transect 4 

Namibia 
Gladczenko et al. 
(1998) 

14 SDR’s 1, 3 LCB, Transitional crust 1, 2, 3, 4 

Gernigon East Gernigon et al. 
(2015) 

13 SDRs 1 LCB 1, 2 

GernigonWest Gernigon et al. 
(2015) 

13 SDRs, landward lava flows 1 LCB 1, 2 

Eldholm and 
Grue A 

Eldholm and Grue 
(1994) 

2 Flood basalts 1, 3 High velocity lower crust 1, 2 

Eldholm and 
Grue A′

Eldholm and Grue 
(1994) 

2 Flood basalts 1, 3 High velocity lower crust 1, 2 

Eldholm and 
Grue B 

Eldholm and Grue 
(1994) 

2 Flood basalts 1, 3 High velocity lower crust 1, 2 

Eldholm and 
Grue B′

Eldholm and Grue 
(1994) 

2 Flood basalts 1, 3 High velocity lower crust 1, 2 

Eldholm and 
Grue C 

Eldholm and Grue 
(1994) 

3 Flood basalts 1, 3 High velocity lower crust 1, 2 

Eldholm and 
Grue C′

Eldholm and Grue 
(1994) 

3 Flood basalts 1, 3 High velocity lower crust 1, 2 

Eldholm and 
Grue D 

Eldholm and Grue 
(1994) 

3 Flood basalts 1, 3 High velocity lower crust 1, 2 

Eldholm and 
Grue D′

Eldholm and Grue 
(1994) 

3 Flood basalts 1, 3 High velocity lower crust 1, 2 

LASE Biari et al. (2017) 4 Seaward dipping reflectors 1, 3 Underplated region 1, 2, 3 
USGS-32 Biari et al. (2017) 4 Seaward dipping reflectors 1, 3 Underplated region 1, 2, 3 
Ba-6 Biari et al. (2017) 4 Seaward dipping reflectors 1, 3 Underplated region 1, 2, 3 
BGR98-20 Franke (2013) 14 SDRs 1 High velocity lower crust 1 
BGR03-16a Franke (2013) 14 SDRs 1 High velocity lower crust 1 
Transect 3 

Namibia 
Gladczenko et al. 
(1998) 

5 SDRs/Breakup related 
extrusive complexes 

1, 3, 4 LCB 1, 3 

Transect 2 
Namibia 

Gladczenko et al. 
(1998) 

4 SDRs/Breakup related 
extrusive complexes 

1, 3, 4 LCB 1, 3 

Punta del Este Reuber and Mann 
(2019) 

3 SDR/Igneous crust 1, 3 NA  

Pelotas South Reuber and Mann 
(2019) 

4 SDR/Igneous crust 1, 3 NA  

Luderitz Reuber and Mann 
(2019) 

4 SDR/Igneous crust 1, 3 NA  

Carolina Trough Tréhu et al. (1989) 13 Seaward dipping 
reflections 

1 High velocity lower crust 1 

Transect 1 Fernàndez et al. 
(2010) 

3 SDRs 1 High velocity zone 1/2/ 
Underplating 

1, 3 

AWI-20070201 Mueller and Jokat 
(2017) 

8 SDRs, intrusions 1 HVLCB 1, 3, 4 

AWI-20140010 Mueller and Jokat 
(2017) 

8 Lava flows 1, 3 HVLCB 1, 3, 4 

Senkans Profile A Senkans et al., 2019 3 SDR 1 NA  
Senkans Profile C Senkans et al. (2019) 7 SDR 1 NA  
USGS line 3 Eittriem (1994) 11 V2 - Seaward dipping 

reflectors 
1 NA  

110/15 Frey et al., 1998 4 SDR 1 Lower crust 1, 3 
128/08 Frey et al., 1998 4 SDR 1 Lower crust 1, 3 
RE23 Ajay et al. (2010) 5 SDR 1 LCB 2, 3  
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continents apart, given the large volumes of igneous rocks at most 
passive margins (Burke and Whiteman, 1973; Morgan, 1981, 1983; 
White and McKenzie, 1989; Richards et al., 1989; Armitage and Collier, 
2017). However, invoking plumes for all LIPs and rifted margins has 
been questioned (Kelemen and Holbrook, 1995) and alternatives have 
been proposed (King and Anderson, 1995; McHone, 2000; King, 2007; 
Foulger, 2011). van Wijk et al. (2001, 2004) favor generation of volcanic 

margins by decompression melting alone without the aid of mantle 
plumes. Franke (2013) finds that the rifting and spreading history of the 
South Atlantic, a classic volcanic margin, cannot be reconciled with a 
mantle plume model. How long linear rifts can be generated from a 
plume remains unclear and under investigation (Koptev et al., 2017; 
Beniest et al., 2017). The volume of magmatic rocks is a crucial 

Table 2 
Volcanic unit volumes for profiles in VOLMIR. While these measurements are 
cross sectional areas of the units, we assume that the cross-sectional area is 
proportional to the volume in the adjacent region.  

Profile Total SDR area 
(km2) 

HVLC area 
(km2) 

Total Volcanic 
(km2) 

Pelotas 651 1566 2217 
Walvis 1100 2892 3992 
Colorado 287 521 808 
Orange 556 1361 1916 
Lofoten-Vesterålen 82 145 227 
Lofoten 141 472 612 
Vøring4 250 1667 1916 
Vøring3 221 2027 2248 
Vøring2 410 2102 2513 
Møre 145 1241 1386 
801 Mid Atlantic 559 1308 1867 
Uruguay 167 563 730 
Transect 4 Namibia 389 1899 2288 
Gernigon East 185 459 644 
GernigonWest 175 90 266 
Eldholm and Grue A 106 341 447 
Eldholm and Grue 

A′

97 155 252 

Eldholm and Grue B 195 926 1121 
Eldholm and Grue 

B′

173 266 439 

Eldholm and Grue C 234 884 1118 
Eldholm and Grue 

C′

44 0 44 

Eldholm and Grue D 253 724 976 
Eldholm and Grue 

D′

341 0 341 

LASE 216 1077 1293 
USGS-32 197 1099 1297 
Ba-6 148 1026 1174 
BGR98-20 210 335 545 
BGR03-16a 367 642 1009 
Transect 3 Namibia 949 612 1561 
Transect 2 Namibia 165 570 736 
Punta del Este 2356 0 2356 
Pelotas South 1526 0 1526 
Luderitz 1808 0 1808 
Carolina Trough 85 1178 1262 
Transect 1 321 3391 3712 
AWI-20070201 81 796 878 
AWI-20140010 51 743 794 
Senkans Profile A 184 0 184 
Senkans Profile C 136 0 136 
USGS line 3 139 0 139 
110/15 203 970 1173 
128/08 66 327 393 
RE23 34 1935 1969 
Mean 372 844 1217 
Median 197 642 1118 
Standard 

deviation 
485 803 914  

Table 3 
Time of breakup, Euler pole, and hotspot locations (at margin formation) for North, Mid, and South Atlantic margins.  

Part of 
Atlantic 

Time of Breakup 
(Ma) 

Associated 
hotspot 

Hotspot latitude (at 
breakup) (◦) 

Hotspot longitude (at 
breakup) (◦) 

Euler pole latitude (at 
breakup) (◦) 

Euler pole longitude (at 
breakup) (◦) 

North 55 Iceland 67.13 − 27.29 63.25 144.00 
Mid 175 Canary Island 25.88 − 46.05 66.95 − 12.02 
South 125 Tristan de 

Cunha 
− 36.10 − 42.67 50.76 − 32.39  

Table 4 
Locations of the midpoint of each profile and its angular distance from Euler pole 
and hotspot, at the time of formation. Atlantic margins only.  

Profile Latitude (at 
formation) 
(◦) 

Longitude 
(at 
formation) 
(◦) 

Angular 
distance 
from 
hotspot 
(◦) 

Angular 
distance 
from 
pole (◦) 

North, 
Mid or 
South 
Atlantic 

Pelotas − 28.56 − 46.49 8.20 80.29 S 
Walvis − 29.43 − 43.98 6.76 80.84 S 
Colorado − 37.77 − 52.43 7.97 90.26 S 
Orange − 38.13 − 47.94 4.67 89.93 S 
Lofoten- 

Vesterålen 
67.45 1.85 11.15 46.50 N 

Lofoten 66.42 0.52 10.89 47.65 N 
Vøring4 66.23 − 3.30 9.48 48.35 N 
Vøring3 65.10 − 4.48 9.40 49.58 N 
Vøring2 63.90 − 8.08 8.55 51.17 N 
Møre 62.29 − 13.78 7.50 53.36 N 
801 Mid 

Atlantic 
20.95 − 45.45 4.96 50.64 M 

Uruguay − 33.82 − 49.04 5.70 85.85 S 
Transect 4 

Namibia 
− 29.72 − 44.37 6.54 81.17 S 

Gernigon East 60.45 − 5.09 11.76 54.10 N 
GernigonWest 66.28 − 13.56 5.48 49.44 N 
Eldholm and 

Grue A 
67.21 0.71 10.71 46.88 N 

Eldholm and 
Grue A′

68.31 − 1.78 9.67 46.20 N 

Eldholm and 
Grue B 

61.54 − 3.76 11.52 52.87 N 

Eldholm and 
Grue B′

65.97 − 7.51 7.92 49.12 N 

Eldholm and 
Grue C 

61.56 − 8.61 9.76 53.50 N 

Eldholm and 
Grue C′

66.25 − 9.40 7.11 49.06 N 

Eldholm and 
Grue D 

57.23 − 28.44 9.91 59.38 N 

Eldholm and 
Grue D′

57.79 − 30.08 9.43 58.87 N 

LASE 23.32 − 44.53 2.91 48.13 M 
USGS-32 18.29 − 47.44 7.70 53.72 M 
Ba-6 17.53 − 47.94 8.53 54.58 M 
BGR98-20 − 40.31 − 54.13 9.93 93.04 S 
BGR03-16a − 40.69 − 49.51 7.05 92.67 S 
Transect 3 

Namibia 
− 27.45 − 44.88 8.85 78.99 S 

Transect 2 
Namibia 

− 27.24 − 44.87 9.05 78.78 S 

Punta del Este − 34.95 − 50.81 6.72 87.23 S 
Pelotas South − 30.78 − 47.50 6.67 82.63 S 
Luderitz − 30.86 − 44.79 5.53 82.35 S 
Carolina 

Trough 
17.71 − 47.70 8.31 54.35 M 

Transect 1 − 29.79 − 44.51 6.50 81.29 S  
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constraint that can be used in numerical modeling of their formation (e. 
g., Kelemen and Holbrook, 1995; White et al., 2008; Gunawardana et al., 
2019). 

Our initial results show that igneous rock volumes are weakly 
negatively correlated with distance from the nearest hotspot. The 
stronger correlation with distance from the Euler pole suggests that in 
continental breakup, lithospheric processes (passive rifting) have 
greater effects than hotspots (active rifting), as discussed shortly. 
Further analysis of these data is likely to yield additional insights. 

It is worth noting that our volumes reflect only volcanism associated 
with the rifted margin, and do not include on-land volcanism, seafloor 
volcanism in the hotspot track (e.g., Walvis Rise), or seamounts. These 
would need to be included in modeling the effects of a hotspot. 

5.2. How are the SDR and HVLC units related? 

HVLC are examples of underplating, defined as an “addition of mafic 
magma to the lower crust and uppermost mantle around the Moho” 
(Thybo and Artemieva, 2013). Underplating, indicated by high-velocity 
bodies, is also often observed in continental rifts (e.g., Maguire et al., 
2006; Rooney et al., 2017), and has been attributed to a wide variety of 
processes. Often, the HVLC bodies are interpreted as formed from re
sidual melt after extraction of low-density SDR lavas, analogous to the 
high-density residual melt cumulate underplated layers ponded at the 
base of the crust in areas of continental rifting and breakup (Fig. 9) (e.g., 
Vervoort et al., 2007; Thybo and Artemieva, 2013). This view is sup
ported by the fact that SDRs usually overlie HVLC units. However, 
Becker et al. (2014) note that in parts of the South Atlantic margin, 
HVLC extend “far seaward” of the SDRs, and suggest that these SDRs and 
HVLCs formed at different times during rifting and breakup. In another 
alternative model, White et al. (2008) interpret HVLCs as resulting from 
sills intruded into the lower crust. 

SDRs and HVLC are units characterized primarily by seismic imaging 
that have identified dense regions interpreted as igneous material. SDRs 
or HVLC are rarely sampled in order to more fully constrain their origin. 
This creates ambiguities as to the precise petrogenesis of these units. 

As discussed earlier, SDRs are considered basaltic flows associated 
with continental breakup. Basalts erupted in both oceanic ridges and 
continental rifts are not primary and require differentiation (typically by 
fractional crystallization) prior to eruption. In oceanic crust, such 

Fig. 5. SDR and HVLC volumes with mean, median, and standard deviation. 
SDR plot also includes mean, median, and standard deviation when five outliers 
(dashed pattern; > 900 km2) are excluded from the dataset. 

Fig. 6. Ratio of SDR/HVLC material. Plot excludes margins where no HVLC 
could be resolved. Outliers (dashed pattern) around 1.50 and 1.90 are likely 
due to poorly resolved imaging at depth or other complex breakup patterns 
discussed in the text. 

Fig. 7. (Top) SDR volcanic volumes vs. distance from the Euler pole and 
(bottom) hotspot at the time of margin formation. These only include margins 
from the Atlantic Ocean. Gray lines (labeled w/o SA) show correlations without 
the South Atlantic data, which are weaker. 
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differentiation is thought to occur within crystal-magma mush zones 
within the lower crust. In continental environments, such mush zones 
can be distributed throughout the crust. The transitional region between 
continental rifting and oceanic spreading where SDRs are focused thus 
likely exhibits characteristics of transitional magmatic plumbing sys
tems. Although the precise locations of such mush zones remain unclear 
in such transitional regions, the processes operating within them are 
likely similar, at least at lower crustal levels. 

In the most basic sense, basalts undergo differentiation somewhere 
within the thinned crust, leaving behind a mass of crystal cumulate that 
would, upon solidification, appear denser than the surrounding conti
nental crust. Such mush zones may be active over an extended interval 
(forming ‘hot zones’) (Cashman et al., 2017) wherein many generations 
of crystals may accumulate. Such regions may represent the HVLC 

imaged by seismic techniques. Alternatively, if a sufficient volume of 
basaltic magma was intruded as sills into the lower crust (White et al., 
2008), such cooled intrusions could also result in HVLC. In all likelihood 
there are multiple mechanisms by which HVLC is generated. 

Where samples of HVLC have been retrieved in xenolith suites from 
Ethiopia, it is apparent that multiple generations of pyroxene-rich cu
mulates comprise these intrusions (Rooney et al., 2017). However, the 
antiquity of these cumulates is nevertheless unknown – they may 
represent cumulate material that spans events that date back to the 
formation of this crust during the Pan-African orogeny, Oligocene flood 
basalts differentiation, to more modern lavas associated with rifting. The 
varied mechanisms and times at which HVLC may develop could thus 
result in a disconnect between the thickness of an SDR package and the 
size of the associated HVLC. 

5.3. What causes variability in structure along margins and between 
conjugate margins? 

Asymmetric features are often observed on opposite sides of conju
gate margins, where the SDR zone is wider on one side than the other (e. 
g., Blaich et al., 2011; Reuber et al., 2019). In some places, the width of 
the SDR zone also varies along the margin (McDermott et al., 2018). 
How these variations arise is unclear: Becker et al. (2014) find that the 
HVLC units on the South African margin are much wider than on the 
South American side, in contrast to the pattern of the continental flood 
basalts. Asymmetries have been attributed to effects including hotspot 
geometry (Reuber et al., 2019), rifting geometry (Becker et al., 2014), 
and variations in lithospheric strength and extension rates (Svartman 
Dias et al., 2015). 

5.4. Are volcanic volume and geometry variations associated with 
microcontinents and other details of the rifting and early spreading 
processes? 

Continental rifting and early seafloor spreading often involve geo
metric complexities, such as propagating rifts and microplates, as 
observed along the East African Rift (Saria et al., 2013) and recorded in 
the marine magnetic record (e.g., Acton et al., 1991; Franke, 2013; 
Greene et al., 2017). In particular, rifting sometimes leaves isolated 
pieces of continental crust surrounded by oceanic crust, outboard of 
passive margins, such as the Jan Mayen microcontinent (Gaina et al., 
2009; Schiffer et al., 2018). Various models for how this occurs have 
been offered. Müller et al. (2001) propose that along the landward edge 
of a rifted margin, the margin’s weakness may be enhanced by heating 
from a mantle plume, causing a spreading ridge to propagate into this 
weak zone. Molnar et al. (2018) propose that microcontinent formation 
may be restricted to localized regions along passive margins associated 
with preexisting zones of lithospheric weakness. 

5.5. How do the volumes and geometries of igneous rocks at magma-rich 
margins compare to those in presently active and failed continental rifts 
and continental LIPs? 

The rifting process that forms passive margins also forms large 
igneous provinces on land, such as the Central Atlantic Magmatic 
Province, or CAMP (Marzoli et al., 1999; McHone, 2000, 2020; Hames 
et al., 2002) associated with the Mid-Atlantic rifted margins included in 
the VOLMIR dataset. 

Some insight into these issues can be obtained by considering failed 
rifts. Because the architecture of the margin is the final result of conti
nental breakup, the volume and geometry of the volcanic units at failed 
rifts preserve aspects of rifting that are altered or hard to see at suc
cessful rifts, and thus can give insight into the rifting process. For 
example, we have been considering similarities between volcanic pas
sive margins and North America’s 1.1 Ga Midcontinent Rift (MCR) that 
formed as part of the rifting of Amazonia from Laurentia (Stein et al., 

Fig. 8. Schematic illustration of end member rifting models (Ruppel, 1995).  

Fig. 9. Model for Midcontinent Rift magmatism showing formation of an 
underplated layer analogous to the HVLC layer at passive margins (Vervoort 
et al., 2007). 
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2015, 2018a, 2018b). Although the MCR is not fully representative of all 
volcanic margin formation processes, if only because it failed to evolve 
to seafloor spreading, it has many similarities to volcanic margins. 

Surface exposures, seismic, and gravity data delineate a rift basin 
filled by inward dipping flood basalt layers, underlain by thinned and 
underplated crust, recording a history of extension, volcanism, sedi
mentation, subsidence, and inversion (Fig. 10). The overall structure is 
similar to that of a rifted margin, with the dipping flows analogous to 
SDRs at a rifted margin, and the underplate analogous to the HVLC at 
rifted margins. The basin-filling volcanics give rise to prominent mag
netic anomalies, analogous to the large magnetic anomalies at rifted 
margins that occur landward of the oldest spreading anomalies. Inter
estingly, the ratio of the cross-sectional area of rift-filling volcanics to 
that of underplated material at the MCR is much higher, about 1.0–1.5, 
than at rifted margins (which we found to be ~0.3–0.4, as discussed) 
(Elling et al., 2020), presumably because the MCR did not evolve to 
seafloor spreading. 

On the profile shown (Fig. 10), the Douglas/Ojibwa Fault on the 
north side of the basin was the master fault active during rifting, so it 
truncates the layered flows. In contrast, the Keweenaw Fault on the 
south side is subparallel to the base of the volcanic infill, indicating it 
was not a major rift-bounding normal fault during the extension. 
Conversely, the Keweenaw fault was the master fault on a seismic line to 
the east. This polarity reversal along a series of adjacent half-graben 
segments (Dickas and Mudrey, 1997) is analogous to that in the East 
African rift (Ebinger, 2012; Heilman et al., 2019). These structures are 
easily observed because of the combination of high-quality seismic data 
across Lake Superior and the fact that the structure was later inverted by 
regional compression resulting in 10–15 km of uplift and erosion 
exposing the volcanic rocks. 

The MCR gives a snapshot of deposition of a thick, dense, and highly 
magnetized volcanic section during rifting. It came close to evolving into 
an oceanic spreading center, but failed and so records a late stage of 
rifting. It thus gives insight into how rifting and volcanism interacted in 
the early phase of volcanic margin formation, a record that is lost and 
not observable at the surface if a rift evolves to seafloor spreading. It is 
useful to view the MCR as a preserved piece of what might have evolved 
to a volcanic margin had the MCR not failed. In that case, extension 

would have continued so the thick post-rift volcanics and sediments 
would not have been deposited in a narrow subsiding sag basin. Instead 
they would have been deposited over a larger area as extension 
continued, splitting the continent, and evolving into seafloor spreading. 
Many of the main features seen at magma-rich passive margins could 
have formed this way, though they would be modified. As extension 
continued, the flows that dip toward the rift basin center would give rise 
to packages of SDRs, whose final geometry could also reflect additional 
normal faulting, flexure, or other effects (Buck, 2017; Morgan and 
Watts, 2018; Tian and Buck, 2019). Additional SDRs could be deposited 
as seafloor spreading starts (Koopmann et al., 2014). 

The MCR analogy also suggests a mechanism for passive margin 
symmetry or asymmetry. If the basin split at its deepest point, symmetric 
passive margins would result. If the basin split elsewhere, perhaps along 
the master fault as illustrated in Fig. 10 (bottom), it would have yielded 
asymmetric margins, like those observed in some areas. In this case, both 
sides could have similar amounts of the HVLC underplate (depending on 
whether and how the faulting extended to the lower crust), but differ
ences in the volume of flows (i.e. SDRs). The asymmetry would result not 
from asymmetric volcanism, but from the way the flows were rifted 
apart. Thus, igneous rock volumes may distinguish between asymmetry 
due to hotspot geometry, which would affect SDRs and HVLC similarly, 
and asymmetry due to rifting geometry, which could affect the two 
differently. 

5.6. Do rifted margin structure and evolution influence which margins 
have large earthquakes? 

Eastern North America’s passive continental margin, like others, is 
“passive-aggressive” with a moderate level of seismicity (Stein et al., 
1979, 1989; Schulte and Mooney, 2005; Wolin et al., 2012; Neely et al., 
2018). Some passive margins have larger earthquakes than others, for 
reasons that are unclear. Why this difference arises is both scientifically 
interesting and important for assessing earthquake, tsunami (Ten Brink 
et al., 2014), and landslide (Hill et al., 2018) hazards. 

6. Conclusions 

Rifted continental margins are a major research area for their sci
entific significance and their importance for both energy resources and 
natural hazards - landslides, tsunamis, and earthquakes. Further studies 
into these margins could drive developments in our understanding of 
how and why continents rift, as well as why these rifts sometimes fail. 
The VOLMIR dataset provides useful insights into some of these pro
cesses through analysis of the amount of volcanic material present along 
rifted margins. The key patterns observed are:  

1) A relatively consistent ratio of SDR to HVLC volumes, where SDR 
amounts are approximately 1/3 of that of HVLC. This ratio suggests 
that the units are related during formation. Further analysis of these 
ratios could provide insight into how these units form during the 
continental rifting/breakup process.  

2) The volumes of SDR units are moderately positively correlated with 
distance from the Euler pole, and weakly negatively correlated with 
distance from the nearest hotspot. These trends are consistent with 
present understanding of each of these factors (magma volume is 
greater further from the Euler pole where spreading is fastest, and 
closer to a hotspot where the largest melting occurs). The relative 
strength of the correlations suggests that lithospheric processes play 
more of a role in continental rifting and breakup than hotspot/ 
mantle plume processes. 
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Fig. 10. Top: Present Midcontinent Rift structure, generalized by combining 
seismic profiles across Lake Superior with land geology. Bottom: A scenario by 
which the MCR could have yielded an asymmetric passive margin after 
continued half-graben rifting. Post-rift volcanics and sediments would not have 
been deposited in a narrow subsiding basin. Instead, they would have been 
deposited over a larger area as extension continued, splitting the continent, and 
evolving into seafloor spreading (Stein et al, 2018a). If the basin split along the 
master fault, both sides could have similar amounts of the HVLC underplate, but 
differences in the volume of flows (i.e. SDRs). 
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the work reported in this paper. 
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