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ABSTRACT 

In two classic papers, Burke and Dewey (1973) and Dewey and Burke (1974) proposed that 

continental rifting begins at hotspots - domal uplifts with associated magmatism - from which three 

rift arms extend. Rift arms from different hotspots link up to form new plate boundaries along 

which the continent breaks up, generating a new ocean basin and leaving failed arms termed 

aulacogens within the continent.  In subsequent studies, hotspots became increasingly viewed as 

manifestations of deeper upwellings or plumes, which were the primary cause of continental 

rifting. We revisit this conceptual model and find that it remains useful, though some aspects 

require updates based on subsequent results.  First, the rift arms are often boundaries of microplates 

accommodating motion  between the major plates. Second,  much of the magmatism associated 

with rifting is preserved either at depth, in underplated layers, and offshore.  Third, many structures 

formed by the rifting survive at the resulting passive continental margins, so study of one can yield 

insight into the other. Fourth, hotspots play at most a secondary role in continental breakup, in that 

most of the associated volcanism reflects plate divergence, so three-arm junction points may not 

reflect localized upwelling. 

 

INTRODUCTION 

 Warren Hamilton long argued that mantle plumes - narrow columns of hot material 

upwelling from the deep mantle - do not exist, so that alternative models must explain geological 

process attributed to plumes (Hamilton, 2010). One such process is continental rifting, leading to 

continental breakup and the formation of passive (i.e. not plate boundary) continental margins and 
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new oceans.  In a classic paper in the recognition of plate tectonics, Wilson (1966) proposed that 

"the present Atlantic Ocean started to open ... by breaking open a continent which was then 

continuous from West Spitzbergen to Florida." The resulting view of the cycle of ocean formation 

and destruction, fittingly termed the Wilson cycle, underlies our view of the evolution of continents 

and oceans.  

 The Wilson cycle model does not, however, explain why and how continents break up.  

Breakup is often explained in general terms by a model (Fig. 1) developed in two classic papers, 

Burke and Dewey (1973) and Dewey and Burke (1974). These proposed that continental rifting 

begins at "thermal domes or hot spots", commonly with associated magmatism, from which three 

rift arms extend. Rift arms from different hotspots link up to form new plate boundaries along 

which the continent breaks up, generating a new ocean basin bordered by continental margins that 

were the loci of the rifting. Some arms do not evolve to seafloor spreading, leaving failed arms 

termed aulacogens within the continent.  

 The three-arm model gave important insights. First, the rifting process has two major 

possible outcomes (Fig. 2). In one, a rift successfully evolves into seafloor spreading, leaving the 

rift structures buried beneath thick sediments at a passive continental margin. Alternatively, the 

rift fails and is left as a fossil feature within a continent. Often, the failed rift is inverted by regional 

compression, such that rocks within the rift are uplifted. 

 A second insight arose as hotspots became increasingly viewed as manifestations of mantle 

plumes, and hence plumes would be the primary cause of continental rifting.  Thus the three-arm 

model corresponds to one of two end-member models of rifting that have been discussed for many 

years (Sengor and Burke, 1978; Ruppel, 1995). In one, “active” rifting is a response to melting in 

the underlying asthenosphere or deeper mantle as a result of mantle plumes or shallower thermal 

or compositional anomalies, as commonly proposed for the East African Rift (Ebinger and Sleep, 

1998). In the other, rifting is 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). 

 In this paper, we revisit the three-arm conceptual model, to see how it looks some 45 years 

after it was proposed, in light of new ideas and data.  Given the extensive relevant literature and 

the length limitations of this volume, we restrict this paper to briefly discussing four questions that 

have arisen in our work: 
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 - How do rift arms function and fail? 

 - How does volcanism seen at the surface relate to that at depth and offshore? 

 - How does rifting control resulting passive margin structure? 

 - How important are hotspots in this process? 

 As discussed next, we find that the classic model remains useful, though some aspects 

require updates based on subsequent results. 

 

THREE-ARM GEOMETRY AND MICROPLATES 

 In the three-arm model, rifts join to form a discrete plate boundary and others fail. How 

this occurs was not explicitly discussed, owing to lack of data. Subsequent observations from past 

and present rifting show that the process occurs via the rift arms functioning as boundaries of 

microplates accommodating motion between the major plates (Fig. 1). Some of the microplate 

boundaries become major plate boundaries, whereas others fail leaving fossil microplates within 

major plates. An important consequence of the boundary evolving via microplates is that standard 

rigid plate kinematics applies, so Euler vectors can be derived or inferred from relative motion 

data and used to describe the motions in an internally consistent fashion. 

 The clearest example is today's East African Rift  system, a set of microplates within the 

boundary zone between the diverging major Nubian and Somalian plates (Fig. 3a). Present-day 

continental extension in the East African Rift and seafloor spreading in the Red Sea and Gulf of 

Aden form a classic three-arm rift geometry as Africa splits into Nubia, Somalia, and Arabia. 

However, GPS and earthquake data show that the opening involves several microplates between 

the large Nubian and Somalian plates (Saria et al., 2013). Hence much of the motion in the three-

arm system actually occurs via microplates. If the East African Rift does not evolve to seafloor 

spreading and dies, in a billion years it would appear as an isolated intracontinental failed rift.  

 A past analogy is the West Central African Rift system formed as part of the Mesozoic 

opening of the South Atlantic (Fig. 3b). Reconstructing the fit between Africa and South America 

without overlaps and gaps and matching magnetic anomalies requires microplate motion with 

extension within continents (Moulin et al., 2010; Seton et al., 2012). These rifts failed when 

seafloor spreading initiated along the whole boundary between South America and Africa, illus- 

trating that intracontinental extension can start as part of continental breakup and end when full 

seafloor spreading is established.  
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 Another past example is one of the world's most impressive failed rifts, North America's 

Midcontinent Rift  (Stein et al., 2018). The MCR is a 3000-km-long U-shaped band of buried 

igneous and sedimentary rocks that outcrops near Lake Superior (Fig. 3c). To the south, it is buried 

by younger sediments, but easily traced because the igneous rocks are dense and highly 

magnetized. The MCR records a major rifting event at ~1.1 Ga during the Grenville orogeny, the 

sequence of events from ~1.3–0.98 Ga culminating in the assembly of a number of continental 

blocks into the supercontinent of Rodinia. This rifting failed to split Laurentia, the Precambrian 

core of the North American continent, leaving a failed rift that did not evolve into full seafloor 

spreading. This rift was later inverted by regional compression, uplifting the volcanic rocks within 

the rift, so that some are exposed at the surface today. The MCR's formation and shutdown was 

likely part of the evolution of the plate boundary between Laurentia and neighboring plates, such 

that the rift failed when full seafloor spreading between the major plates was established. It seems 

plausible that the MCR's arms acted as boundaries of a microplate within the evolving plate 

boundary system. 

 Many three-arm systems identified by Burke and Dewey (1973) are now recognized to be 

microplate boundaries. Continental rifting and early seafloor spreading often involve geometric 

complexities, such as propagating rifts and microplates, recorded in the marine magnetic record 

(e.g., 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 (Muller et al., 2001; Gaina et al., 2009; Schiffer et al., 2018; Molnar et al., 2018).  

 The analogous process has long been recognized in oceanic lithosphere, where spreading 

centers change geometry via microplates observable using marine magnetic, bathymetric, or 

earthquake slip vector data (e.g., Engeln and Stein, 1984; Engeln et al., 1988; Tronnes, 2003). 

Eventually some of the microplates' boundaries fail, leaving fossil microplates within major plates 

(e.g., Tamaki and Larson, 1988). 

 

LOCATION OF MAGMATISM  

 In 1974 little was known about the structure of rifts, so Dewey and Burke considered 

igneous rocks only at the hotspots, noting that they used "the term in a purely descriptive sense" 

for the junctions of "three-armed rift-valley" complexes.  
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 Subsequent studies found that extensive volcanism occurs along the full length of many 

rifts.  A consequence is that although crustal thinning occurs in the early stages of rifting,  the crust 

is rethickened as rifting progresses. For example, crust beneath the Midcontinent Rift is thicker 

than beneath surrounding areas (French et al., 2009; Moidaki et al., 2013; Shen et al., 2013; Zhang 

et al., 2016). Some of thickening seems to have occurred by formation of a “rift pillow” or an 

“underplate” layer. The underplate arises because as low-density melt rises, high-density residue 

(“restite”) ponds at the base of crust (Vervoort et al., 2007) (Fig. 4). This underplating first returned 

the thinned crust to its original thickness, as observed in presently-extending rifts and termed 

“magma-compensated” rifting (Thybo and Nielsen, 2009; Thybo and Artemieva, 2013), and then 

thickened it further. Although the specifics of this process differ between rifts, it occurs in many 

cases. 

 The net effect of these processes is that many rifts contain large volumes of igneous 

material, both filling the rift and in the corresponding underplate, as shown in Fig. 5.  Moreover, 

as discussed next, large volumes of igneous rocks occur at most passive continental margins. How 

rifting processes give rise to these large volumes is crucial for the long-standing debate over the 

role of mantle plumes in continental breakup. 

 

RIFTING CONTROLS PASSIVE MARGIN STRUCTURE 

 In 1974 little was known about the structure of continental margins, so Dewey and Burke 

did not explore the relation between continental rifting and the resulting passive continental 

margins. Subsequent studies show that many structures observed at continental margins were 

formed initially by the rifting. 

 Most passive continental margins, termed volcanic or magma-rich, arise where continental 

breakup is associated with the eruption of flood basalts during prerift and/or synrift stages of 

continental separation, in which large-scale melting gives rise to thick igneous crust (Menzies et 

al., 2002; Geoffroy, 2005; Geoffroy et al., 2015).  Hence volcanic passive margins are generally 

considered to be Large Igneous Provinces (LIPs) (Eldholm and Grue, 1994). These typically 

formed where continental breakup was associated with the eruption of continental flood basalts, 

dikes, and sills during prerift and/or synrift stages of continental separation.  

 These margins have a characteristic architecture (Fig. 2b) characterized by a transition from 

thinned and intruded continental crust to oceanic crust. The igneous rocks form two units. The 
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shallower units are seaward dipping reflectors (SDRs), packages of volcanic flows interbedded 

with volcanoclastic sediments and tuffs (e.g., McDermott et al., 2018), which cause large magnetic 

anomalies landward of the oldest spreading anomalies.  The transitional crust and in some cases 

oldest oceanic crust are underlain by a high-velocity lower crustal (HVLC) unit observed 

seismically (e.g., Blaich et al., 2011; Franke, 2013; Eddy et al., 2014). 

 Because the architecture of the margin is the final result of rifting and early seafloor 

spreading, the volume and geometry of the volcanic units can give insight into the rifting process. 

For example, we have been considering possible similarities with the Midcontinent Rift. 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, 

sedimentation, subsidence, and inversion (Fig. 6a). The MCR began as a half-graben with initial 

largely non-volcanic extension, with motion taking place on a master normal fault on one side of 

the rift, that was later filled by synrift and post-rift flood basalts. 

  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. The rift filling volcanics, which are analogous to SDRs, give rise  

to large magnetic anomalies. The underplate is analogous to the HVLC units. Many of the main 

features seen at 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, and other 

effects. Additional SDRs could deposited as seafloor spreading starts (Koopmann et al., 2014). 

 This analogy suggests a cause for asymmetric features often observed on opposite sides of 

conjugate margins, where the SDR zone is wider on one side than the other (e.g., Blaich et al., 

2011; Reuber et al., 2019). 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. 6b), it would 

have yielded asymmetric margins. 

 The comparison illustrates the importance of viewing rifting structures remaining on land 

and those in the corresponding passive margin as closely related. Study of one can yield insight 

into the other. For example, discussions of  rift-related volcanic provinces on land, such as the 

Central Atlantic Magmatic Province associated with the breakup of  Pangea (Marzoli et al., 2018) 

should incorporate the offshore volcanics (McHone, 2003) 
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HOTSPOTS PLAY AT MOST A SECONDARY ROLE IN CONTINENTAL BREAKUP 

 In the classic three-arm model, hotspots - subsequently viewed as the surface manifestation 

of mantle plumes - are the primary cause of continental rifting.  However, it is still unclear whether 

large-scale magmatism is a cause ("active rifting") or an effect ("passive rifting") of rifting.  Much 

of the debate has focused on how the large volumes of igneous rocks at passive margins are 

generated. Numerical modeling has been used to support either possibility. It has long been 

proposed that excess temperatures associated with hotspots/plumes are required to rift continents 

apart, given the large volumes of igneous rocks at most passive margins (Burke and Whiteman, 

1973; Morgan, 1981; 1983; Richards et al., 1989; Armitage and Collier, 2017). However, 

invoking plumes for all large igneous provinces and rifted margins has been questioned (Keleman 

and Holbrook, 1995) and alternatives have been proposed (King and Anderson, 1995; McHone, 

2000; King, 2007; Foulger and Jurdy, 2007; Foulger, 2011). van Wijk et al. (2001, 2004) favor 

generation of volcanic margins by decompression melting alone without the aid of mantle plumes.  

 To explore this issue, we have recently used existing seismic reflection and refraction data 

to compile a dataset of igneous rock volumes and geometries at volcanic passive continental 

margins (Gallahue et al., 2020). 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 also includes information about the corresponding ages of rifting and initiation of 

seafloor spreading and distances from the Euler pole associated with rifting and from hotspots that 

may have played roles in the rifting. 

 As shown in Fig. 7, the volume of igneous rocks is moderately positively correlated with 

distances from the Euler pole, but only weakly negatively correlated with distances 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 (passive rifting) have greater effects than 

hotspots (active rifting).   

 It is possible that hotspots initiate breakup, even if most of the igneous rocks reflect plate 

divergence. However, 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. Hence the 
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inferred hotspots locations - the three-arm junction points - may not reflect localized upwelling 

and thus not have special significance for volcanism that extended along the entire rifts. 

 

CONCLUSIONS 

The classic three-arm model of continental rifting has stood the test of time.  Although 45+ years 

of data have clarified many aspects of how the proposed processes actually occur, the basic model 

remains useful, though some aspects require updates based on subsequent results. Moreover, the 

model still raises crucial questions for ongoing research. 
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Fig. 1. Left: Three-arm model of hotspots and continental rifting. Rift arms from different hotspots 

link up to form new plate boundaries along which the continent breaks up (A), generating a new 

ocean basin and leaving failed arms termed aulacogens within the continent (B). Right: Updated 

model in which the rift arms function as boundaries of microplates accommodating motion 

between the major plates (A). Some microplate boundaries become major plate boundaries, 

whereas others fail leaving fossil microplates within the major plates (B). 
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Fig. 2. Schematic sequence of rift evolution illustrated by various rifts. Panels are from A) after 

Thybo and Artemieva (2013), B) Schnabel et al. (2008), C) Braile et al. 1986), and D) Stein et al. 

(2015) modified from Green et al. (1989). COB denotes continent-ocean boundary, SDR denotes 

seaward dipping reflectors, and HVLC denotes high-velocity lower crustal bodies. 
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Fig. 3. Microplate formation during continental rifting. A) Present rifting of Africa into three major 

plates and three microplates, after Saria et al. (20130. B) Four-microplate geometry of the west 

central African rift system, formed during the Mesozoic opening of the South Atlantic, after 

Moulin et al. (2010). C) Kinematic model of an “Illinois” (IL) microplate for which the 

Midcontinent Rift arms are plate boundaries. Euler poles are shown by stars, with first plate listed 

rotating clockwise with respect to the second. Double-headed arrows show relative motion across 

MCR arms, single-headed arrow shows Amazonia (AM) motion relative to Laurentia (LR). Rate 

scale shown by 2 mm/yr arrow (Stein et al., 2018) 
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Fig 4.  Volcanism and underplating associated with rifting. A) Crustal structure model beneath 

Lake Superior for GLIMPCE line A showing volcanics and underplating (Green et al., 1989). B) 

Model for MCR magmatism (Vervoort et al., 2007). C) Model for magma- compensated rifting 

(Thybo and Artemieva, 2013). 
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Fig 5. Gravity models matching the mean anomalies across the west and east arms of the 

Midcontinent Rift. (Elling et al., 2020) 
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Fig. 6. 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 the 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., 2018).  
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Figure 7: SDR volcanic volumes vs. distance from the Euler pole (top) and hotspot (bottom) at the 

time of margin formation for profiles across margins from the Atlantic Ocean. (Gallahue et al., 

2020). 


