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Abstract 

Continental rifts can form when and where continents are stretched. If the driving forces can 

overcome lithospheric strength, a rift valley forms. Rifts are characterised by faults, 

sedimentary basins, earthquakes and/or volcanism. With the right set of weakening feedbacks, 

a rift can evolve to break a continent into conjugate rifted margins such as those found along 

the Atlantic and Indian Oceans. When, however, strengthening processes overtake weakening, 

rifting can stall and leave a failed rift, such as the North Sea or the West African Rift. A clear 

definition of continental break-up is still lacking because the transition from continent to ocean 

can be complex, with tilted continental blocks and regions of exhumed lithospheric mantle. 

Rifts and rifted margins not only shape the face of our planet, they also have a clear societal 

impact, through hazards caused by earthquakes, volcanism, landslides and CO2 release, and 

through their resources, such as fertile land, hydrocarbons, minerals and geothermal potential. 

This societal relevance makes an understanding of the many unknown aspects of rift processes 

as critical as ever. 
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1. Introduction 

 

The early maps of the world drew attention to what was to become a recurring argument in 

favour of mobile continents: how the American continents and Europe with Africa seem to fit 

like pieces of a puzzle, even though they are separated by the Atlantic Ocean. Already in 1596, 

the map maker Ortelius suggested that the Americas were torn away from Europe and Africa 

by “earthquakes and floods”, with the traces of the ruptures shown in the opposite coasts. This 

not only pointed out how well the coastlines on each side of the Atlantic Ocean fit but called 

upon tectonic processes – earthquakes and resulting floods – to have rifted the continents apart. 

We now know that rifting of continents is indeed accompanied by earthquakes and that 

landslides on rifted margins can trigger tsunamis and floods. But we do not know whether 
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Ortelius envisaged the many millions of years that rifting can take. In the centuries that 

followed, similar suggestions were made for connections between continents. Snider-Pellegrini 

(1858), for example, fitted continents in a Late Carboniferous supercontinent, based on 

identical plant fossils in Europe and the United States, and Suess (1885) coined 

“Gondwanaland” for the union of South America, Africa, India, Australia, and Antarctica. In 

1912 Wegener proposed that the continents had been joined in a supercontinent: the early 

Carboniferous ‘Pangea’. The evidence for the supercontinent was multifold, using not only 

how coastlines and fossils fit between continents, but also correlations in mountain chains and 

glacial sediments. The latter placed South Africa, South America, Australia and India near the 

south pole. Wegener (1912) unfortunately encountered much scepticism for proposing that the 

continents had drifted from the Pangea configuration to their present-day position.  

 

We should keep in mind that at these times there was no general recognition, let alone a tested 

and physics-based explanation, for the horizontal movements of tectonic plates. Ocean basins 

and mountains were explained by vertical movements, such as those caused by local isostasy 

or an expanding or shrinking Earth (Dana, 1863; Mantovani, 1889). The formulation of the 

mantle convection theory, with large-scale flows driven by energy from radiogenic decay and 

residual heat from Earth’s formation, provided an explanation for horizontal plate motions 

(Holmes, 1931; Dietz, 1961; Hess, 1962). Proof came in the 1950’s and 1960’s from 

continental paleomagnetic poles and marine magnetic anomalies (Heezen et al., 1959; Vine 

and Matthews, 1963; Runcorn, 1965). A consistent picture of a dynamic planet emerged, on 

which continents can assemble and break apart. But which factors and processes control where 

and when rifting begins and a continent breaks apart? 

 

Continental rifting starts when continents are stretched. At present, stretching, or extension, 

occurs in the Gulf of Corinth (Greece), the Baikal Rift (Central Asia), and the East African 

Rift, among many other places (Fig. 1a). The extending region forms a rift valley where 

sedimentary basins may develop, and if stretching remains localised, the continent breaks and 

rifted margins form (Fig. 1c). The factors and processes which control whether rifts will 

successfully form new oceans, such as the Atlantic and Indian Oceans, or whether break-up 

never occurs, leaving only a ‘failed rift', such as the North Sea or the West African Rift System 

(Fig. 1a), are not fully constrained. We could point to various reasons for the ongoing 

investigations into the causes of rifting, but an important one is probably that the geological 

and geophysical observations can sometimes be difficult to unravel. Rifting processes vary 

temporally and spatially and may be expressed differently in the geological record, even when 

underlying physical principles are the same. 

 

The timespan of rifting varies tremendously, from the opening of the Northeast Atlantic Ocean 

between Norway and Greenland which took over 300 Myrs (Faleide et al., 2010), to the opening 

of the Equatorial Atlantic Ocean between the Gulf of Guinea and Northeast Brazil which took 

only ~20 Myr (Moulin et al., 2010). The long evolution of the Norwegian-Greenland rift was 

polyphase, including various phases of tectonic activity interspersed with phases of relative 

tectonic quiescence and phases of massive magmatic activity. Break-up between Norway and 

Greenland (55-53 Ma) occurred just after the flood basalt eruption of the North Atlantic 
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Igneous Province (63-61 Ma) (Torsvik and Cocks, 2005; Saunders et al., 1997). Intrusion of 

warm magmas may have helped the continent to finally break up (Buiter and Torsvik, 2014), 

though other continents break up without flood basalt magmatism, such as the formation of the 

Iberia-Newfoundland or Gulf of Guinea-Northeast Brazil rifted margins. Not only does the 

amount of magma vary among rifted margins, the amount of sediment deposition can vary 

widely as well. The Mid Norwegian margin, for example, shows basins with over 10 km 

thickness of sediments, whereas the Northern Norwegian margin has relatively little sediments 

(Straume et al., 2019). 

 

Added to the variability in rifts is the observation that rifts usually do not form in pristine 

undeformed continental rocks (as far as these may be found), but rather on the contrary, it 

seems that deformation breeds further deformation. The Northeast Atlantic Ocean, for 

example, opened mainly but not completely, along the old traces of the Appalachian and 

Caledonian Mountains. These mountains in turn had formed by closure of an earlier ocean, the 

Iapetus Ocean (Harland and Gayer, 1972). The North Atlantic region thus preserves a history 

of an ocean that closed and reopened: the Wilson Cycle (Wilson, 1966; the cycle is named after 

Tuzo Wilson by Dewey and Burke, 1974). The preferential localisation of plate-scale 

deformation in similar locations (Audet and Bürgmann, 2011; Buiter and Torsvik, 2014), 

implies that mountains can turn into rifts and rifts into mountains, repeatedly. The structural, 

compositional and thermal inheritance of previous deformation phases can impact rifting 

processes by providing a more complex initial crustal and lithospheric architecture and 

rheology, including fault systems, sedimentary basins, and ophiolites (Manatschal et al., 2015).  

 

Rifting can thus be long-lived or fast, magma-rich or magma-poor, sediment-rich or sediment-

poor, and precede or follow other plate-scale, inherited deformation. In this chapter, we discuss 

the variability of continental rifting from the initial stages of rift inception to basin formation 

(Section 2) and final break-up, forming conjugate rifted margins (Section 3). Our discussion 

includes cases of rift success (leading to continental break-up) and failure (leading to failed 

rifts) and addresses the interaction of rifting with inheritance, erosion and sedimentation, 

mantle flow, and melting, to finally discuss the societal effects of rifts (Section 4).   
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Figure 1: Overview of past and present rifts and their evolution. (a) Selected rifts and rifted 

margins. Currently active rifts cluster in East Africa, Western North America, Central and 

Southern Europe. Aborted, so-called ‘failed’ rift systems achieved significant amounts of 
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crustal thinning, but stopped extending before the lithosphere was broken. Rifted margins, in 

contrast, were formed by rifts that led to continental break-up and can host major sedimentary 

basins. Colours along rifts and rifted margins indicate the time-averaged rift obliquity (based 

on Brune et al., 2018). (b) Rift-related continent-ocean boundaries (COBs) and large igneous 

provinces (LIPs). Continent-ocean boundaries (white lines) mark the transition of highly 

stretched and intruded continental lithosphere to oceanic lithosphere that is newly formed at 

mid-oceanic spreading centres. Large igneous provinces (black contours) are regions that 

experienced massive basaltic volcanism during a comparably short time frame of a few million 

years. Some LIPs coincide with onset of rifting, others with continental break-up (see Section 

3). In oceanic domains, LIPs are often connected to an age-progressive hotspot track (also 

black contours). It is generally thought that LIPs are formed due to the impingement of a mantle 

plume head at the lithosphere, while hotspot tracks are caused by plate motion above the tail 

of a mantle plume. Image generated with GPlates (https://www.gplates.org/) using data from 

Müller et al. (2016), Johansson et al. (2018), Bryan and Ernst (2008), and Courtillot and Renne 

(2003). (c) Conceptual evolution of continental rifts. Inception of rifting involves localisation 

of an array of normal faults that may be accompanied by magmatic intrusions and volcanism. 

Stretching of the crust results in isostatic subsidence and formation of sedimentary basins. 

Continental break-up takes place when the continental lithosphere is broken and sea floor 

spreading initiates. Following break-up, rifted continental margins experience cooling and 

further subsidence, which may be enhanced due to continuous sedimentation. Sketches 

modified from Brune et al. (2022). 

 

2. Continental rifting  

 

2.1 Geological features of rifts  

There is a large variety of continental rifts worldwide, from the narrow and deep Baikal rift in 

Central Asia, the laterally extensive Basin and Range Province in mountainous Western North 

America, to the low-lying salt pans of the Afar region in northern Ethiopia (Figs 1, 2). Despite 

this variability, all continental rifts form when the lithosphere is pulled apart, hence all rifts 

contain the following characteristic geological features: faults, basins, and volcanoes.  

 

The most prominent rift features are normal faults: brittle structures that accommodate 

extension by localised shear deformation (Scholz, 2019) (Fig. 3). The major faults can reach 

several tens of kilometres deep as evidenced onshore in outcrops and offshore by seismic 

reflection images and seismicity. At their upper end, these large faults may generate kilometre-

scale surface topography, while at their lower end they are rooted in ductile shear zones. The 

largest rift faults are commonly located at the edges of the rift valley constituting so-called 

border faults (Fig. 3). In the East African Rift System for instance, border faults may create 

impressive topographic relief of more than two kilometres (Corti, 2009; Ebinger and Scholz, 

2011). Secondary deformation in the rift valley is accommodated by intra-rift faults (Fig. 3) 

that commonly increase their activity during later stages of rifting.  

 

https://www.gplates.org/
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Figure 2: Examples of continental rifts. (a) The East African Rift System constitutes the 

largest currently active rift system worldwide. It comprises a magma-rich Eastern branch and 

a magma-poor Western branch. Most rift segments fall into the narrow rift category with a 

basin width of less than 100 km. Slip along massive border faults created elongate rift valleys 

with deep lakes and thick successions of sediments and volcanic deposits. (b) The Basin and 

Range region comprises large parts of the US American and Mexican cordillera. With more 

than 500 km width it is the type example of a wide rift. A broad array of subparallel faults 

created the characteristic horst and graben morphology that is mirrored in the name of the 

region. (c) The Baikal Rift in Central Asia is located at the suture of the Siberian Craton and 

the Palaeozoic Sayan‐Baikal fold belt. It features narrow fault-bounded basins and hosts the 

deepest and most voluminous freshwater lake of the world. Images have been created with 

GeoMapApp version 3.6.14 (www.geomapapp.org) using topography data of Ryan et al., 

(2009). Fault traces are depicted as black lines based on the GEM Global Active Faults 

Database (Styron and Pagani, 2020). Earthquakes are shown as black dots based on the 

USGS-ANSS catalogue (time range 1960-2021; magnitude larger than 5; 

https://earthquake.usgs.gov/earthquakes/). White arrows (simplified from Stamps et al., 2018; 

McQuarrie and Wernicke, 2005; Sankov et al., 2014) depict large-scale extension directions. 

Maps are shown in Mercator projection at approximately the same scale. 

 

http://www.geomapapp.org/
https://earthquake.usgs.gov/earthquakes/
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Sedimentary basins are a second key feature of rift environments. Active normal faulting leads 

to relative subsidence of rocks above the fault (the hanging wall) and thereby creates a 

depression that is often filled with fresh water, such as in the deepest lakes of the world –  Lake 

Baikal (Central Asia), Lake Tanganyika and Lake Malawi (East African Rift) (Fig. 2). In 

addition, rift depressions can accommodate up to several kilometres of alluvial, lacustrine or 

marine sediments. Stratigraphic sedimentary layers formed during this process can be 

identified in seismic reflection images or directly accessed in drilling campaigns and provide 

an important record for tectonic evolution (Gawthorpe and Leeder, 2000). Sedimentary basins 

in rifts and rifted margins host a major fraction of sedimentary rocks worldwide (Straume et 

al., 2019) and fluid flow within these basins plays a major role in the generation of georesources 

(Section 4). 

 

All rifts exhibit magmatic and volcanic features, such as dikes, sills, calderas, cones and lava 

flows (Fig. 3). However, the degree of magmatism can vary drastically – from kilometre-thick 

flood basalts of the Ethiopian traps (Sembroni et al., 2016) to mere exhalations of volcanic 

gases, such as in the Central European Eger Rift (Kämpf et al., 2013). The amount of volcanism 

is controlled by partial melting of mantle rocks, which is decisively governed by mantle 

temperature and to a lesser degree by mantle ascent rate. Hence, volcanic rifts such as the 

eastern branch of the East African Rift, and magma-rich rifted margins such as the Norwegian-

Greenland conjugates, are often found in close proximity to mantle plumes (Steinberger and 

Steinberger, this volume), where the mantle temperature is elevated above ambient 

temperatures by more than 100 °C (Rooney et al., 2012).  
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Figure 3: Observations of rifts. (a) Digital Elevation Model (DEM) of the Ethiopian rift 

showing major border and intra-rift faults in black. Active intra-rift and flank volcanic centres 

shown in red, with extinct rift flank volcanic centres marked in purple (modified from 

Maccaferri et al., 2014). (b) Bottom panel shows a cross section of topography, earthquake 

locations (Keir et al., 2006) and Moho depth (Stuart et al., 2006) on the line of section marked 

on the map of (a). The top panel and arrows show a model of GPS-derived surface velocities 

across the rift relative to a stable Nubian plate (Birhanu et al., 2016). The largest gradient in 

change in velocities occurs across the topographic rift valley and above where most seismicity 

occurs. (c-f) Field photographs (by Derek Keir) of faults and volcanic centres with locality and 

viewing direction shown with the labelled arrows in the map of (a). (g) The East African rift 

showing the location of the map in (a). 

 

2.2 The rifting process and its structural variability 

The large variety of continental rift geometries has been classified in terms of first-order 

categories, such as rift symmetry, width, obliquity and linkage (Şengör and Natal’in, 2001). 

Understanding the underlying processes that cause particular rifts to fall into one or the other 

category has been the focus of geodynamic studies for many decades (e.g. Buck, 1991; Ziegler 

and Cloetingh, 2004; Sapin et al., 2021).  
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Identifying and understanding why some rifts are symmetric, but others asymmetric, spawned 

a long-standing issue in the rift community. The essence of this issue is whether rifts evolve in 

‘pure shear’ stretching where lithospheric thinning, isostatic subsidence, and heat flow are 

distributed uniformly across the rift (McKenzie, 1978) (Fig. 4c), or whether they are governed 

by ‘simple shear’ stretching where the rift is dissected by a major inclined fault that generates 

laterally variable subsidence and heat flow patterns (Wernicke, 1985) (Fig. 4d). Both models 

have their merits and can be useful in describing the evolution of particular rifts. A single 

controlling fault is required for the ‘simple shear’ rifting models and is expressed in regions 

where the brittle crust is underlain by a low-viscosity crustal layer (Huismans et al., 2005). 

This way normal-fault activity can be balanced by lower crustal flow. Large-offset normal 

faults at the upper end of the major fault can rotate to a low angle, such as observed in the Basin 

and Range province (Wernicke, 1985). Due to its simplicity and elegant mathematical 

representation, the pure shear model, on the other hand, remains the default model to analyse 

the thermal and subsidence evolution of both rift basins and rifted margins. Pure and simple 

shear deformation may also both occur during rifting in a time-dependent manner such that 

rifts can switch between symmetric and asymmetric extension as the thermomechanical 

environment evolves (Huismans and Beaumont, 2003).  

 

 

Figure 4: Conceptual rift models. (a) Far-field forces related to plate tectonics (such as the 

pull of subducting slabs) cause continental extension in the passive rifting model. The name of 

the concept emphasises the passive role played by the mantle. (b) In active rifting, an active 

upwelling of warm mantle material causes volcanism and surface uplift. The plates glide 

gravitationally away from the uplift, thus leading to extension. (c) The McKenzie model (a form 

of passive rifting) envisages thinning of the upper crust, lower crust and lithospheric mantle in 

a pure shear mode (McKenzie, 1978). (d) In the Wernicke model (also a form of passive rifting), 

simple shear deformation along a low-angle detachment fault causes thinning of the upper 

crust that is offset from thinning of the lower crust (Wernicke, 1985).  
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The width of present-day rift systems varies between several tens of kilometres, such as in the 

Baikal Rift, the Rio Grande Rift and large parts of the East African Rift (called ‘narrow rifts’), 

to hundreds of kilometres, such as in the Aegean Rift or the Basin and Range Province (‘wide 

rifts’) (Figs 1, 2). The geodynamic factor controlling rift width is the existence of a low-

viscosity crustal layer that decouples deformation within the brittle upper crust from the 

lithospheric mantle, as described in numerical and analogue experiments (Buck, 1991; Brun, 

1999). If a thick layer of low-viscosity lower crust exists, brittle faulting is restricted to the 

upper crust. In that situation, lower crustal flow compensates the thinning caused by upper 

crustal fault activity and leads to simple-shear deformation on a crustal scale. This lower-

crustal flow also impedes overall crustal thinning and the formation of a narrow rift. Such a 

low-viscosity crustal layer exists for comparably hot crust, which can be found in orogenic 

plateaus such as the Basin and Range and in collapsed orogens such as the Aegean Sea. In the 

opposite case where the crust is strong, deformation in crust and lithospheric mantle are tightly 

coupled so that faults cut deep into the lithosphere, forming a narrow rift. This setting can be 

found in comparably cold rifts that are marked by deep earthquake activity, like the Baikal rift 

or the central and southern part of the East African Rift System (Albaric et al., 2009; Craig et 

al., 2011). 

 

Even though we tend to analyse rifting as a 2D process for simplification, with stretching 

perpendicular to a straight basin trend (e.g. Fig 4), along-strike changes in rift trends are 

documented in almost all rifts worldwide (Fig. 1a), often leading to variable rift axis 

orientations along neighbouring rift segments. Oblique rifting occurs, for example, in the Main 

Ethiopian Rift, the Rukwa Rift (Fig. 2a), as well as the Gulf of California, and shaped the Gulf 

of Aden and the Equatorial Atlantic rifted margins (Fig. 1a). A global analysis of rift activity 

over the last 230 million years revealed that more than 70 per cent of all major rifts exceeded 

an obliquity of 20 degrees (Fig. 1a; Brune et al., 2018). Analogue and numerical modelling 

experiments show that in the initial stages of oblique rifting, fault networks form en-echelon 

patterns where the fault plane dips obliquely to the far-field extension direction (Withjack and 

Jamison, 1986; Brune, 2014; Duclaux et al., 2020). This means that faulting is intrinsically 3D, 

making tectonic analysis and fault reconstruction difficult to perform via seismic and 

conceptual 3D cross sections. Rift axis obliquity further affects the overall width of rift systems 

as increased obliquity is taken up by more-or-less vertical strike-slip faults, which should lead 

to narrower rifts. Hence, highly oblique rifted margins are expected to be narrow, while 

orthogonal margins can be wide or narrow. Testing this hypothesis in a series of case studies 

involving rifted margins worldwide confirmed the expected correlation, but also highlighted 

large uncertainties in observed margin widths and inferred obliquity (Jeanniot and Buiter, 

2018). Improved syn-rift plate reconstructions and fault block restorations are required to 

reduce uncertainties in future studies. 

 

A further aspect of 3D rift evolution is the linkage of individual rift segments, which is 

preceded by a complex mechanical interaction. The ongoing linkage of the Kenyan with the 

Ethiopian rifts as well as the linkage between the Gulf of Aden and Red Sea rifts in Afar (Fig. 

2a) generates wide domains of fault activity that are progressively focussed toward the central 
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portions of the rift (Ebinger et al., 2000; Corti et al., 2019; Pagli et al., 2019). These examples 

illustrate that linkage across segment boundaries involves stress rotations and fault activity that 

locally overprints existing structures. Numerical studies show that the strike-perpendicular 

offset of two segments strongly affects whether segment linkage occurs via oblique linkage, 

transform linkage or by microplate formation (Allken et al. 2012; Neuharth et al., 2021) and 

that the selected mode may dominate deformation until break-up is achieved. Natural examples 

for such microplate formation include the Flemish Cap at the Canadian Atlantic margin and 

the São Paulo Plateau offshore Brasil (Neuharth et al., 2021).  

  

2.3 Force balance of rifting  

The major tectonic processes driving rifting are subduction (‘slab pull’ caused by sinking of 

dense lithospheric plates into the underlying mantle, Schellart, this volume; Billen, this 

volume), mantle flow (exerting stresses at the base of the lithosphere), and gradients in 

gravitational potential energy that are caused by topography variations. The relative impact of 

the forces differs between individual rifts, leading to the distinction between ‘active’ rifts that 

are driven by buoyant mantle upwelling and ‘passive’ rifts, which are fueled by far-field forces 

such as slab pull (Fig. 4a,b). The negative buoyancy of subducting cold lithosphere is clearly a 

key driver of plate tectonics as plates connected to large subduction zones move significantly 

faster than others (Forsyth and Ueda, 1975; van Summeren et al., 2012). Slab pull is therefore 

the likely reason why the Woodlark Rift (Papua New Guinea) that is located on the downgoing 

side of the New Britain subduction zone is extending at a comparably high speed of up to 30 

mm/yr (Petersen and Buck, 2015; Yu et al., 2022). The East African Rift on the other hand is 

almost entirely surrounded by mid-ocean ridges. Here, gravitational potential energy gradients 

resulting from dynamic topography and lateral buoyancy variations in the lithosphere are 

thought to provide the driving force of continental rifting (Moucha and Forte, 2011; 

Rajaonarison et al., 2021), which occurs at the more typical rates of less than 10 mm/yr 

(Birhanu et al., 2016; Brune et al., 2016). 

 

Plate tectonic driving forces act constantly on continental interiors, but in order to initiate 

continental rifting, the tensile driving forces have to exceed the strength of the lithosphere over 

large areas. To achieve this, the forces must increase and/or the lithosphere strength decrease. 

Rifting often reactivates on former suture zones, where multi-scale lithospheric weaknesses 

exist in the form of crustal thickness variations, faults, shear zones, and foliations (Buiter and 

Torsvik, 2014). The impact of such tectonic inheritance has been well described in the East 

African Rift (Daly et al., 1989; Kolawole et al., 2018) where pre-existing Proterozoic structures 

have been exploited during Cenozoic extension. Another example is the Norwegian margin 

where collisional inheritance from the Caledonian orogeny exists in the form of thrust faults 

and long-term thermal weakening affected the tectonic evolution during Permo-Triassic, 

Jurassic and Cenozoic rifting episodes (Schiffer et al., 2020; Peron-Pinvidic et al., 2022). 

Notably, the North Atlantic constitutes the key example for the Wilson-cycle concept (Wilson 

1966; Wilson et al., 2019), which describes the repeated reactivation of plate boundaries during 

orogeny and rifting. However, Wilson cycles and inheritance do not only play a role for 

continent-scale rift tectonics. Both the Pyrenees and the European Alps are built on previous 
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rift systems and extensional structures have been exploited during the orogeny (Mouthereau et 

al., 2014; Mohn et al., 2014). 

  

Once rifting initiates, the lithospheric strength undergoes a continuous evolution that is 

controlled by weakening and strengthening feedbacks between several processes acting on a 

vast range of spatial and temporal scales. One weakening process is rheological strain 

localisation where the rock’s yield strength is progressively reduced by accumulating damage. 

Strain-induced weakening can occur both in the brittle regime through gouge formation or 

elevated pore pressure (Mandl, 1988; Rice, 1992) as well as in the ductile regime via diffusion, 

dislocation or pressure solution creep. Weakening can also occur due to chemical reactions, for 

instance during serpentinization of the mantle, which reduces the frictional strength of the 

altered rocks (Escartín et al., 1997). Another weakening process is diking where vertical sheet-

like magma intrusions are emplaced into the crust. These intrusions occur during relatively 

short-lived rifting episodes lasting between days and years (Wright et al., 2006). Strain 

localises within the narrow dike during intrusion, with dike-induced stress changes and heating 

of the surrounding rock  favouring continued diking and stretching (Buck, 2006; Daniels et al., 

2014). Erosion of rocks is a further weakening process as it removes material, thus reducing 

the pressure-dependent brittle strength of rocks, which promotes fault activity. Sedimentation 

is conversely a strengthening process, as the added material increases vertical stress, thus 

increasing brittle strength.  

 

In addition to the above processes, the rate of rifting as well as the temperature distribution 

within the rifting lithosphere play major roles in its strength evolution due to the highly 

nonlinear dependence of viscosity on these parameters. If rifts are dominated by heat advection, 

hot, upwelling asthenosphere successively weakens the rift, leading to a continuous strength 

loss. Sediments with a low ability to conduct heat away can increase this effect by trapping 

heat below like a thermal blanket (Sandiford, 1999). Weakening processes may lead to a 

significant loss of rift strength, which may induce a run-away effect between accumulating 

damage and divergence rate that results in abrupt rift accelerations prior to break-up (Brune et 

al., 2016). However, in slow rifts which experience a large degree of conductive cooling from 

the surface, the velocity-reduction effect on rift strength may be offset by an increase through 

time when upwelling strong mantle rocks cool (Kusznir and Park, 1987; van Wijk and 

Cloetingh, 2002). Strengthening processes like cooling may ultimately prevent tectonic 

activity, thereby generating so-called failed rifts, such as the West and Central African Rift 

Systems, or the Mid-Continent Rift in North America (Fig. 1). 

 

3. From rift to mid-ocean ridge to form a rifted margin 

 

3.1. The continent-ocean boundary / transition 

Continental break-up is a widely used term that designates the end of rifting and the beginning 

of oceanic spreading. Implicitly, it refers to a unique, instantaneous, and localised process that 

'breaks' the continental lithosphere, after which new oceanic lithosphere is produced during 

ongoing seafloor spreading. The simplicity of the definition contributed to the term’s repeated 

usage in plate tectonics. The advent of newer geophysical analyses and geological studies 
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shows that the transition from continental crust to oceanic crust is however not as simple as 

previously theorised.  

Continental rifted margins and oceanic spreading centres are governed by two very distinct 

geological processes, both leading to the formation of new basement: lithospheric tectonic 

extension and asthenospheric magmatic accretion, respectively. Break-up refers to the 

demarcation between these two fundamental processes in time and space. Depending on the 

magmatic content, the border is interpreted as a line (the 'COB' for ‘continent-ocean boundary’) 

or as a transition (the ‘COT’ for ‘continent-ocean transition’) (Fig. 5). However, apart from 

this magma-rich (COB) and magma-poor (COT) distinction, no formal definition exists in the 

scientific literature (Eagles et al., 2015). This means that the transition from the continental 

rifted margin to the oceanic domain is still largely unknown. By definition, the oceanic domain 

encompasses the areas of new igneous basement that are strictly oceanic in origin. Although 

this first-order definition sounds straightforward, the distinction with the distal margin is not 

simple. 

From studies of slow-spreading ridges (Reston and Ranero, 2011; Sauter et al., 2013), we today 

recognise that oceanic crust can form by both magmatic additions (the standard three-part 

description, Penrose Field Conference on Ophiolites, 1972) as well as by tectonic processes 

(Reston, 2018; Cannat et al., 2019). Escartin et al. (2008) showed that 50% of the Mid-Atlantic 

Ridge system has been shaped by detachment faults and core complexes that transport deeper 

rocks to the Earth’s surface. Interestingly, oceanic and continental core complexes structurally 

resemble each other (Whitney et al., 2014). These observations question the origin and nature 

of the initial magmatic formation of 'oceanic crust' as opposed to tectonic processes occurring 

in the distal rifted margins. The existence of 'transition zones' where processes would gradually 

change from rifting to drifting is regularly advocated. These zones are often called 'proto-

oceanic' or ‘embryonic-oceanic’, but are still poorly characterised (e.g. Gillard et al., 2015). 

 

 
Figure 5: Concepts of rifted margin architecture. (a) Early studies depicted the transition 

from continent to ocean as abrupt. This view juxtaposes continental to oceanic crust along 

what can be mapped as a continent-ocean boundary line. Inspired by Wegener (1912). (b) 

Modern views see the transition from continent to ocean as gradual, encompassing tilted 

continental blocks and regions of exhumed and altered mantle. This view implies a continent-

ocean transition zone, rather than a boundary. Redrawn from Peron-Pinvidic et al. (2013) with 

permission from Elsevier.   
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3.2. Faulting and mantle exhumation 

The nature of the transitional crust in the regions towards the oceanic crust can be described in 

different structural perspectives. Most models refer to large-scale faults in the continental crust, 

usually termed 'detachment faults' (Wernicke, 1985 (Fig. 4d); Lister et al., 1986; Davis and 

Lister, 1988). These faults are specific because of their length and the displacement they 

account for (usually > 20 km). Their geometry typically includes multiple parts: the steeply 

dipping deeper parts are the most active, whereas the shallow dipping parts are instead 

interpreted as segments that have been flexurally rotated during unroofing after their main 

phase of activity (Buck, 1988; Tucholke et al., 1998). Rolling-hinge-type detachments are often 

invoked as the driving mechanism for exhumation of upper crustal rocks (Lavier et al., 1999), 

and 'flipping detachment' models provide an efficient mechanism for exhuming important 

surfaces of mantle to the seafloor during final rifting and magmatic accretion at slow to 

ultraslow spreading centres (Gillard et al., 2015; Reston, 2018; Reston and McDermott, 2011). 

Based on numerical experiments of continental rifting, Naliboff et al. (2017) show that the life 

cycle of rift faults forms a sophisticated activity pattern with phases of fault-initiation, fault-

activation, fault-linkage, fault-cross-cutting, fault-deactivation and possible fault-reactivation 

(Naliboff et al., 2017). Building on these experiments, Peron-Pinvidic and Naliboff (2020) 

propose a scenario where mantle exhumation at the final stages of rifting operates with multiple 

concave detachment faults that successively cut the seafloor at the rift axis, migrating off-axis 

and deactivating when the hanging-wall moves away. The resulting crust is an amalgamation 

of different lithologies, exhumed from various depths at various times, what would fit 

observations reported from various site studies, such as the West Iberia-Newfoundland and 

Norway-NE Greenland margins (Fig. 6). However, these numerical simulations do not include 

magma, fluid circulation and serpentinisation processes, which may well influence the 

deformation history of the fault system (e.g. Bickert et al., 2020).  

 

3.3. Break-up and post-rift evolution 

The final break-up stage defines two conjugated rifted margins that are now separated by a 

growing ocean. In some settings the breaking of the lithosphere is accompanied by excess 

magmatic activity most commonly attributed to elevated mantle temperatures (White et al., 

2008) from a plume (White and McKenzie, 1989) and/or vigorous mantle convection (Ligi et 

al, 2011). In the case of the Northeast Atlantic opening, the excessive volcanic activity led to 

the formation of a Large Igneous Province (LIP) including sills, lava flows, and lava deltas 

(e.g. Saunders et al., 1997; White et al., 2008). The progressive accumulation and seaward 

rotation of the thick (up to several kilometres) lava flows and intercalated sediments form 

seaward dipping reflectors (SDR). Such specific structures are observed and mapped in the 

Northeast Atlantic, from the southern Rockall Trough and Hatton Bank (west of Ireland and 

Scotland) up to the Lofoten margin (offshore northern Norway) and over the Faroes region 

(Horni et al., 2017). LIPs have been interpreted at many other rift locations, such as in the 

South Atlantic (the Paraná-Etendeka Flood Basalts), and in the Ethiopian Afar region (the 

Ethiopian Flood Basalts) (Fig. 1b).  

The post-rift evolution of rifted margins is usually considered as relatively tectonically quiet. 

The cooling of the basement leads to a gradual subsidence of the whole margin, creating 



 

15 

accommodation space potentially filled with sediments. In some settings, the post-rift 

sedimentary thickness can be significant (e.g. > 15 km in the distal Mid-Norwegian margin; 

Straume et al., 2019; Fig. 6c-e). However, the absence of tectonic activity does not mean the 

rifted margins are geologically quiet. The steep bathymetric slopes generated during the margin 

cooling and related sedimentary accumulation can lead to slope ruptures and rock slides 

(Section 4). 
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Figure 6: Numerical model of rift evolution and comparison to seismic reflection data. (a) 

Extract of a numerical model of rift evolution, at an early rift stage. The formation of narrow 

rifts (less than 100 km wide) and associated sedimentary basins is achieved by border faults. 

Complex fault evolution dissects and thins the crust ultimately leading to break-up. Syn-

tectonic sedimentation interacts with faulting while post-rift sediments form slowly subsiding 

sag basins. Image modified from Neuharth et al. (2022). (b) Extract of a numerical model of 

rift evolution, at breakup stage. The two conjugate rifted margins are formed with an upper 

plate setting (left hand margin) and a lower plate setting (right hand margin). The margins are 

asymmetric with the upper plate margin showing abrupt crustal thinning which operated over 

less than 50 km, while the lower plate margin shows a much more complex structural 

architecture which operated over more than 200 km. Image modified from Neuharth et al. 

(2022). An animation of model evolution is available at bit.ly/3CSyv3s.  (cde) Seismic reflection 

profile from the Vøring Mid-Norwegian margin in the North Atlantic Ocean (see inset for 

location), selected as representative of the Atlantic-type rifted margins. (c) segy version 

without interpretation, (d) line drawing of all observations, (e) interpretation of the line 

drawing with a colour-code similar to Figs 6ab. Modified from Peron-Pinvidic and Osmundsen 

(2016). JMMC Jan Mayen Mico-Continent. UCC Upper Continental Crust. LCC Lower 

Continental Crust. s-twtt: second two-way-travel-time. 

  

4. Rifting and society 

 

Rifting impacts the wider environment and resource potential of the rift region on a range of 

spatial and temporal scales, from geological hazards to mineral resources and climate change. 

In the short term and on local scales, probably the most obvious impacts of continental rifting 

are earthquakes and volcanic activity (Fig. 7). These are potentially hazardous to population 

and infrastructure, especially in the densely populated rift valleys, where thick fertile soil and 

fault-bound deep fresh-water lakes are found. Plate extension during continental rifting 

involves the steady accumulation of elastic strain in the brittle crust, which is typically released 

as earthquakes along rift valley faults. The long-term rate of plate motions at rifts is typically 

rather slow at less than 10 mm/yr (Brune et al., 2016), and therefore the earthquakes releasing 

this strain are generally less common in rifts than along faster moving transform and 

convergent plate boundaries. However, while plate motions may be slow, the fact that 

continental rifts can form in thick and strong continental lithosphere means that the brittle 

elastic layer can store a significant amount of energy prior to breaking, potentially resulting in 

earthquakes as large as M7-8 (Craig et al., 2011; Liu et al., 2007). This principle is 

demonstrated eloquently in the East African rift, where largest earthquake magnitudes are 

observed in regions where the rift is generally younger (<10 Myrs old), extending slower (<10 

mm/yr), and cutting still thick and strong cratonic lithosphere (Craig et al., 2011; Hall et al. 

2017). In contrast, the faster plate extension (~20 mm/yr) observed where rifting has just about 

broken the continent, such as the Red Sea and western part of the Gulf of Aden, causes more 

frequent but lower magnitude (M<5.5) earthquakes since the plate is thinner, hotter and weaker 

from 30-35 million years of rifting (Hall et al., 2017). In addition, indirect hazards, such as 

ground cracking and landslides associated with ground motion are in many regions, such as 

East Africa, more impactful than the earthquakes themselves (e.g. Asfaw, 1982) (Fig. 7c).  

https://bit.ly/3CSyv3s
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Volcano activity is also episodic and poses a major hazard to life and infrastructure as well as 

being a source for natural energy. In the volcanically active East African Rift, multiple basaltic 

lava flows have occurred during the last 2 decades that have destroyed infrastructure. Examples 

are the 2002 Nyiragongo eruption that flowed through the city of Goma in the Democratic 

Republic of Congo (Tedesco et al., 2007) and the Plinian eruption of basaltic tephra from Nabro 

in 2011, that led to closure of Arabian and East African airspace for several days (Goitom et 

al., 2015). Fortunately more explosive silicic volcanism is less frequent with large globally 

impactful caldera-forming eruptions only occurring at ~100 kyr intervals (Rowland et al., 2010; 

Siegburg et al., 2018). These types of eruptions pose a risk assessment challenge to society 

since they are unlikely to occur during any single human lifetime, yet the geological record 

contains significant evidence that several globally impactful, major caldera-forming super 

eruptions have occurred from rift valley volcanoes during the last few hundred thousand years 

(Hutchison et al., 2016). A number of these occurred in the northern East African rift and 

potentially drove environmental changes that have impacted the early evolution and dispersal 

of homo-sapiens (Hutchison et al., 2016). Rift related magmatic activity can, however, also be 

a positive resource such as in aiding hot fluid flow that can be exploited for geothermal energy. 

The majority of fluids in geothermal systems are sourced from meteoric water being heated by 

shallow magma-reservoirs and are focused back upwards to the surface along extensional faults 

in the top few kilometres of the crust (Wilkes et al, 2017) (Fig. 7a,b). A number of countries 

such as Iceland and Kenya use ridge/rift related geothermal power as major national sources of 

energy.  

 

In the long term but at a global scale, continental rifting is an integral ingredient of plate 

tectonics and responsible for the ever-changing configuration of Earth’s land and oceans, with 

associated changes in global ocean circulation, continental topographic and weathering 

patterns, and ice accumulation (Raymo and Ruddiman, 1992). Additionally, recent research 

suggests that rift-related plate thinning and associated magmatic activity can potentially affect 

long-term climate by transporting and releasing volatiles such as H2O, CO2, and SO2 from the 

deeper Earth to the atmosphere (Fig. 7a, b). Measurements of CO2 release from currently active 

rifts are sparse, but those that exist suggest that the volumes may significantly impact global 

atmospheric CO2 concentrations and potentially cause major shifts in global climate (Muirhead 

et al., 2020; Brune et al., 2017; Lee et al., 2016). The geological record coupled with numerical 

models suggests this is particularly the case during rifting of thick cratonic lithosphere, in 

which exceptionally high concentration of CO2 stored at the base of thick cratonic lithosphere 

can be disturbed and released (e.g., Muirhead et al., 2020).   

 

Once rifting has broken the continent, the new rifted margins can remain geologically dynamic 

for tens of millions of years with implications to the environment and society. The topographic 

relief created by syn-rift border faulting and uplift can be several kilometres high, locally 

making the climate cooler, more humid and habitable. Processes such as erosion that unloads 

the lithosphere can cause continued uplift, flexure and earthquake activity for tens of millions 

of years (Gunnell and Fleitout, 1998; Redfield and Osmundsen, 2015; Silva and Sacek, 2022). 

Rifted margins can have high, sometimes juvenile topography, as in East Greenland and West 
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Norway. The cause of such topography in a tensile stress field, and whether the mountains 

represent relatively recent uplift or not, is debated (Nielsen et al., 2009; Gabrielsen et al., 2010). 

Ideas put forward to explain the margin orogens include glacial erosion, offshore rifted margin 

architecture, isostatic uplift and a long-distance finger of a mantle plume (Medvedev et al., 

2013; Koptev et al., 2017; Redfield and Osmundsen, 2013). Rifted margins can also be 

volcanically active, such as along the Red Sea margins in Saudi Arabia and Yemen. Mantle 

processes such as vigorous convection created by the steeply dipping base of the rifted margin 

plate are thought to be responsible for the melt supply in these cases (Ebinger and Belachew, 

2010).   

 

The spatially large and deep sedimentary basins found in some continental rifts and rifted 

margins are globally the most common setting for the formation and accumulation of 

hydrocarbons, making rift-related research at the centre of this sector of the energy economy. 

Some basin-fill deposits such as the evaporite potash are directly a mineral resource. Veining 

from flow of mineral rich fluids along faults related to deep penetrating detachments, and also 

shallower hydrothermal systems are also a valuable resource, particularly for metals 

(Zappettini et al., 2017). Fortunately, the porous and permeable rock formations that make 

good hydrocarbon reservoirs are also capable of storing vast amounts of CO2, making large-

scale carbon capture and storage (CCS) a potentially important contributor to future global CO2 

emission reductions (IPCC, 2005). 

 

 
Figure 7: Earthquakes and geothermal potential of rifts. (a) Cartoon sketch of a magnetically 

active continental rift showing zones of surface faulting and volcanism, and the subsurface 

processes associated with these. (b) Photos of discrete and sudden fissuring and faulting events 

associated with rainfall induced subsidence and (c) earthquake swarms. Photos by Derek Keir. 
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5. Summary and perspective 

The combination of lithospheric and mantle driving forces that overcome lithospheric strength 

and stretch the continental lithosphere is expressed in spatially and temporally varying 

geometries of rift valleys and rifted margins. Rift systems are commonly characterised by 

normal faults, sedimentary basins and often by earthquakes and volcanism. But rifts differ in 

extension rate and direction, symmetry, width, fault patterns, as well as amounts of magma and 

sediments. Some rifts will evolve to break a lithospheric plate (called a success), whereas others 

will stall (called a failure), as determined by the interplay of the driving forces with weakening 

and strengthening processes. The successful rifted margins are characterised by a complex 

transition between continent and ocean, with an exact definition of this transition still lacking. 

Post-rift margins are not passive, as shown by uplift, dike intrusions, earthquakes and 

landslides, which is why we describe them as ‘rifted margins’ rather than ‘passive margins’. 

 

Earth scientists have accrued an extensive amount of information about continental rifts and 

rifted margins as they have been exploited for their hydrocarbon resources for many decades. 

This has yielded a wealth of geophysical data, and without commercial enterprises financing 

seismic reflection acquisition lines and borehole drilling, we would likely not have had the 

insight in rifts and rifted margin architecture that we have today. With the transition to 

sustainable energies, the exploration focus is shifting to recovery improvement, alternative 

energy sources (e.g. hydrogen and geothermal) and storage of CO2. Whether this means a 

change in data acquisition remains to be seen. We express the hope that changes in exploration 

focus can be accompanied by increased open sharing of the geophysical and geological data 

that has been acquired in rift regions over the past many decades. 

 

Current research in rifting covers a wide spectrum, as exemplified in the many topics covered 

in the presentations of the Rift and Rifted Margins Online Seminar (from 2020, 

bit.ly/37xiBQn).We expect rifts to remain a research focus for many years to come. First and 

foremost because of their societal impact, where earthquake and volcanic hazards as well as 

energy and mineral sources call for an understanding of rift forming processes. Open questions 

in this active research field include: Are rifts geologically safe for long-term CO2 storage? Why 

do some rifts and rifted margins have high topography, sometimes with active normal faulting 

and landslide risk? How is extensional strain distributed in rifts and what are the recurrence 

intervals of large earthquakes and volcanic eruptions? What are the major controls on 

hydrothermal fluid and deeper volatile migration through the lithosphere, and how do these 

interact with deformation and magmatic processes?  

 

There is also an academic interest in rifts and rifted margins, as it is scientifically fascinating 

how a process that is underlain by the same physical principles is expressed in such geological 

variety. Many questions remain open: Why are some rifts successful, but others fail? How do 

we define break-up? As supercontinents are thought to be underlain by a warmer mantle, are 

rifts forming in supercontinents different from those forming in more moderately sized 

continents? How did rifting proceed on a warmer, early Earth? What is exactly the relation 

between rifts and hotspots and do rifts propagate away from or towards hot, weak regions? 

https://bit.ly/37xiBQn
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How does repeated deformation, including its effect on rheology and geochemistry, impact 

rifts? 

 

Do we currently have the data and techniques to solve these (and undoubtedly many other) 

open questions? We would argue that we have, but that data accessibility is unfortunately not 

equal for all. If we were given an unlimited financial budget, we would make all seismic and 

drill hole data available as open access. We would contribute to Seabed 2030 

(https://seabed2030.org/) to map the bathymetry of the entire ocean floor in a resolution that 

would approach the topographic maps of the continents. We expect that such high-resolution 

ocean floor maps will better delineate the transition from continent to ocean, likely including 

the discovery of further continental blocks offshore rifted margins such as the knolls offshore 

western Australia. We would also propose further drilling to establish the nature and extent of 

microcontinents such as Jan Mayen (east of Greenland), of ridges as the Arctic Lomonosov 

Ridge, and of hotspot tracks, such as the Rio Grande Rise and the Walvis Ridge, undertaken 

recently by the IODP (International Ocean Discovery Program 391, www.iodp.org). We would 

significantly increase the density of GPS measurements in active continental rifts to aid strain 

mapping and seismic hazard assessment. This is important as the current instrumental seismic 

records are short relative to earthquake repeat times and may thus underrepresent large future 

earthquakes. As constraints on earthquake recurrence are globally poor in rifts, far more 

geological dating studies of past fault slip events  (paleoseismology) are required to inform the 

likelihood of future fault behaviour. There are many avenues that remain to be explored and 

that we hope will increase our understanding of rift processes and their fascinating surface 

expressions.  
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