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ABSTRACT
In this paper, we explore the relative impact mantle inheritance can have on the evolution 

of magma-poor rift systems during the early stages of rift localization. To this end, we revisit 
the tectonic history of the Mesozoic Northeast Atlantic and its North Sea subdomain, analyz-
ing these observations through comparison with results from recent analogue tectonic model-
ing work. Our analysis suggests that initial broadly distributed rift basin formation may be 
controlled by crustal inheritance, whereas the subsequent localization of deformation along 
deeper mantle inheritance may have caused the overprinting of previous rift basin trends 
in the Northeast Atlantic. This overprinting became possible as soon as the thinning of the 
ductile crust during progressive rifting allowed for sufficient coupling between the mantle 
and the upper crust. Importantly, we suggest that no changes in plate motion direction due 
to large-scale reorganization of the plate tectonic system are needed for differently oriented 
basin trends overprinting each other to develop. With these insights, we propose an updated 
scenario for rift kinematics in the North Sea involving continuous E-W plate divergence and 
provide a framework to rethink the evolution of other rift systems around the world during 
their early stages of rift localization.

INTRODUCTION
It is well known that different types of inheri-

tance (compositional, structural, thermal) from 
previous tectonic phases may localize deforma-
tion during (renewed) rifting (e.g., Manatschal 
et al., 2015; Schiffer et al., 2020). Extensive 
research has focused on the interplay between 
(stress-controlled) deformation and inheritance. 
However, this research mainly considered crustal 
inheritance (e.g., Phillips et al., 2016), whereas 
the impact of inheritance in the underlying litho-
spheric mantle has been mostly overlooked. 
Although some studies address the importance 
of mantle inheritance (e.g., Chenin and Beau-
mont, 2013; Chenin et al., 2019; Heron et al., 
2019), well-defined constraints on the nature and 
role of mantle inheritance are lacking.

In this paper, we explore how mantle inheri-
tance can impact the evolution of magma-poor 

rift systems during the early stages of rift local-
ization. To this end, we revisit the Mesozoic tec-
tonic history of the Northeast Atlantic and its 
North Sea subdomain and compare the evolution 
of the rift basins there to insights from recent 
analogue tectonic modeling work by Zwaan 
et al. (2022). By doing so, we show that mantle-
controlled deformation may simply overprint 
previous rift basin trends that were controlled 
by an interplay between stress field and upper 
crustal inheritance. This overprinting can occur 
as soon as sufficient coupling between mantle 
and upper crust is achieved through the thinning 
of the ductile middle/lower crust, i.e., during the 
transition from “stretching” to “necking” that is 
a key moment in the evolution of magma-poor 
rift systems, representing a shift from broadly 
distributed to strongly localized thinning of the 
lithosphere, before the subsequent hyperexten-
sion and eventual breakup stages (e.g., Lavier 
and Manatschal, 2006).

This mechanism explains how differently 
oriented rift basins in the Northeast Atlantic are 

not necessarily formed as a result of changes in 
plate kinematics (i.e., plate motion direction) 
as was previously proposed, but can instead be 
due to the delayed impact of deformation along 
deep mantle features such as sutures that are dif-
ferently oriented from any structures controlled 
by crustal inheritance. These insights provide a 
framework to rethink the early evolution of other 
rift systems around the world, since stress direc-
tions cannot be reliably deduced from strain pat-
terns alone.

EARLY-STAGE RIFTING IN THE 
NORTHEAST ATLANTIC DOMAIN

We turn to the Northeast Atlantic domain 
at the end of the Jurassic for a general assess-
ment of early-stage magma-poor rift develop-
ment (Schiffer et al., 2020; Fig. 1). Although 
final breakup was magma-rich and linked to the 
Paleocene North Atlantic plume (Planke et al., 
2000), the initial (Devonian–Late Jurassic/Earli-
est Cretaceous) rift evolution saw limited mag-
matism and can thus be studied in a magma-poor 
context without having to consider the signifi-
cant impact that magmatism can have on rift 
kinematics (e.g., Buck, 2006).

By the end of the Jurassic, a broad zone of 
rifts and sedimentary basins, some dating back 
as far as Devonian times, had formed in the 
Northeast Atlantic. These basins often had dif-
ferent orientations but formed roughly within the 
former collision zones between Baltica, Avalo-
nia, and Laurentia (Fig. 1). Late Jurassic basin 
formation concentrated along two corridors: 
a first one stretching from the future Atlantic 
domain into the North Sea, along the suture 
zones bordering Baltica, and a second corri-
dor arriving from the Central Atlantic, where 
breakup was already attained, propagating 
toward Greenland and the Labrador Sea (Fig. 1, 
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inset). We shall focus on the first corridor, which 
between Greenland and Norway includes the 
Hammerfest Basin, East Greenland Basin, and 
Halten Terrace (Fig. 1). To the south, the North 
Sea is home to the Viking Graben in the north, 
the Central Graben, and the Inner- and Outer 
Moray Firth (Figs. 1 and 2).

Note, however, that the SSW-ENE–oriented 
Inner Moray Firth does not follow a suture, and 
that at present, the crust has retained most of its 
original thickness there (Ziegler, 1990; Figs. 1 

and 2A). By contrast, the crust is significantly 
thinned below the NW-SE oriented Central Gra-
ben and Outer Moray Firth (henceforth referred 
to as the Central Graben–Outer Moray Firth) 
and below the N-S–striking Viking Graben (with 
Moho depths reduced to <20 km, rather than 
the original >30 km; Ziegler, 1990; Fig. 2A). 
This significant and localized thinning of the 
crust, together with a distinct unconformity, 
is a clear indication that these basins attained 
the necking stage before rifting halted in the 

North Sea (Erratt et al., 2010; Fig. 1). Farther 
north, the various basins between Greenland and 
Norway also reached the necking stage around 
Late Jurassic times before undergoing hyperex-
tension and subsequent breakup (Chenin et al., 
2015).

A peculiar phenomenon is recorded during 
the necking stage in the North Sea, where a tec-
tonic reorganization occurred along the Central 
Graben–Outer Moray Firth (Erratt et al., 1999). 
Whereas Callovian–Early Kimmeridgian dep-
ocenters and boundary faults form a left-step-
ping en échelon arrangement along the general 
NW-SE Central Graben–Outer Moray Firth 
trend, subsequent Early Kimmeridgian–Titho-
nian depocenters and border faults are oriented 
(sub-)parallel to this NW-SE trend (Figs. 2B and 
2C). Meanwhile, the depocenter and boundary 
fault orientations remained fairly constant in the 
Inner Moray Firth and Viking Graben.

Recognizing this peculiar realignment of 
basin depocenter and fault orientations in the 
Late Jurassic North Sea, Erratt et al. (1999) 
proposed a scenario involving a shift from an 
initial general E-W plate divergence to a SW-NE 
divergence as a possible explanation (Figs. 2B 
and 2C). Such a shift in plate divergence direc-
tion is, however, in contradiction with the plate 
kinematics in the overall North Atlantic domain, 
which suggest continued general E-W plate 
divergence (Doré et al., 1999; Schiffer et al., 
2020). Therefore, alternative scenarios should 
be considered.

INSIGHTS FROM 3-D ANALOGUE 
TECTONIC MODELS

A recent 3-D analogue tectonic modeling 
study by Zwaan et al. (2022) reproduced very 
similar overprinting relationships to those seen 
in the Late Jurassic North Sea (Fig. 3). The 
authors applied brittle-viscous analogue models, 
where the brittle upper crust and ductile lower 
crust were represented by a brittle sand layer 
overlying a layer of viscous material (Figs. 3A 
and 3C). Both layers were placed on top of a 
base plate, the edge of which represented a lin-
ear inheritance in the strong lithospheric mantle 
(e.g., a suture) that was reactivated as a mantle 
shear zone by pulling this base plate (Figs. 3A–
3D). In the simulated upper crust, inheritance 
with a different orientation than that in the man-
tle below was implemented in the shape of linear 
weaknesses (Figs. 3A–3C). When these models 
were deformed by pulling the base plate at a 
low velocity of 10 mm/h, these crustal weak-
nesses were all reactivated so that basins formed 
throughout the model (Fig. 3E). A subsequent 
ten-fold velocity increase caused the overprint-
ing of these initial basins by a series of new 
rift basins that were aligned along the mantle 
weakness below (Fig. 3E).

The cause for this overprinting of early dis-
tributed rift basins by a strongly localized rift 

Figure 1.  Distribution of rifts and sedimentary basins in the Northeast Atlantic domain in Late 
Jurassic times (145 Ma). CG—Central Graben; EGR—East Greenland Rift; HB—Hammerfest 
Basin; GGF—Great Glen Fault; HBF—Highland Boundary Fault; HFZ—Hardangerfjord Fault 
Zone; HT—Halten Terrace; IMF—Inner Moray Firth; MF—Moray Firth; MT—Moine thrust; MTFZ—
Møre-Trøndelag Fault Zone; OMF—Outer Moray Firth; PB—Porcupine Basin; TZ—Tornquist 
Zone; VG—Viking Graben; WBF—Walls Boundary Fault. Modified after Skogseid et al. (2000), 
Coward et al. (2003), Erratt et al. (2010), and Schiffer et al. (2020). Inset shows main rift corridors 
during the Late Jurassic (150 Ma). D—Denmark; Fin—Finland; Ger—Germany; Ir—Ireland; NL—
Netherlands; No—Norway; Pol—Poland; Por—Portugal; Swe—Sweden; UK—United Kingdom. 
Modified after Peacock (2004).
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basin in these models is the degree of coupling 
between the simulated mantle and upper crust, 
as a function of the strain rate–dependent rhe-
ology of the simulated ductile crust in between 
(e.g., Brun, 1999; Zwaan et al., 2019). Under 
low strain rate conditions, the viscous layer rep-
resenting the ductile crust is relatively weak, 
whereas the viscous layer will be relatively 
strong under high strain rate conditions. Con-
sequently, slow deformation rates will lead to 
decoupling between mantle and brittle crust so 
that basin formation can be dominated by upper 
crustal inheritance. Conversely, high strain rates 
cause coupling so that basin formation focuses 
along the mantle inheritance. Thus, when slow 
rifting is followed by fast rifting in these models, 
the overprinting relation is reminiscent of the 
one in the Late Jurassic North Sea.

Importantly, coupling is not only a func-
tion of divergence velocity, but also of lower 
crustal thickness: the thinner the ductile crust, 
the higher the coupling (e.g., Brun, 1999; Zwaan 
et al., 2019). As such, a similar increase in cou-
pling over time is expected to occur when the 
ductile crust becomes sufficiently thinned, i.e., 
during necking (Zwaan et al., 2021, 2022).

DISCUSSION
Coupling and the Delayed Impact of 
Mantle Inheritance

We observe that Late Jurassic necking-stage 
rift basins in the magma-poor Mesozoic North-
east Atlantic Rift generally follow the sutures 
bordering Baltica (Fig. 1). Using the model 
results from Zwaan et al. (2022), we can now 

propose a scenario to explain the processes 
behind this rift basin arrangement (Fig. 4). Dur-
ing the initial stretching stage, the ductile crust 
allows decoupling between the upper crust and 
mantle, allowing for widespread rift basin devel-
opment dominated by deformation processes 
(and, as such, inheritance) in the upper crust. 
However, as soon as the ductile crust is thinned 
out at the transition to the necking stage, cou-
pling increases to the degree that a reactivated 
mantle inheritance (e.g., a suture) can directly 
transfer deformation into the upper crustal layer. 
As a result, more strongly localized deformation 
occurs above the mantle inheritance, overprint-
ing previously formed basins.

An Updated Scenario for North Sea Rifting
We can now also propose a variation of the 

Erratt et al. (1999) scenario for North Sea rifting 
that is both in line with regional plate kinematics 
and with the delayed impact of mantle inheri-
tance in magma-poor rift systems. Stretching-
stage North Sea rifting was widespread because 
crustal inheritance was widespread, includ-
ing a wide range of orientations that could be 
expressed due to the low coupling during this 
initial stage. However, as necking initiated under 
an E-W divergence regime in the Late Juras-
sic, deformation roughly concentrated along 
the reactivated Caledonian sutures below the 
Central Graben–Outer Moray Firth and the 
Viking Graben (Figs. 1 and 2B). The earlier en 
échelon depocenter arrangement observed in the 
Central Graben–Outer Moray Firth is typical 
of the oblique rifting due to the general E-W 

divergence and the NW-SE suture zone trend 
(Fig. 2B; Erratt et al., 1999). However, the shift 
in the Latest Jurassic depocenter orientation 
does not warrant the shift in divergence direction 
proposed by Erratt et al. (1999), as increased 
coupling between mantle and upper crust could 
simply have realigned the next generation of 
necking basins along the mantle suture–con-
trolled rift trend. Continued E-W divergence 
in combination with increasing coupling thus 
provides a simple explanation for the evolu-
tion of the North Sea Central Graben–Outer 
Moray Firth (Figs. 2B and 2C). Importantly, in 
this continuous E-W divergence scenario the 
∼N-S–oriented Viking Graben always remained 
well oriented for orthogonal rifting and as such 
did not develop any clear shift in basin arrange-
ment (Figs. 2B and 2C). Moreover, although the 
SW-NE oriented Inner Moray Firth did not expe-
rience necking as indicated by the absence of 
significant crustal thinning there, its Late Juras-
sic evolution was characterized by transtension, 
which fits well with continuous E-W divergence 
superimposed on the N-E striking Caledonian 
lineaments (Ziegler, 1990; Figs. 1 and 2).

CONCLUSION
By revisiting the Mesozoic early-stage rift 

history of the North Atlantic domain and by 
comparing it to insights from tectonic modeling 
studies, we describe how mantle inheritance can 
be an important or even dominant factor during 
early-stage strain localization in magma-poor 
rift systems. We argue that mantle-controlled 
deformation may simply overprint any previous 

A B C

Figure 2.  Details of the Mesozoic North Sea rift system. (A) Map of the extent of Triassic (stretching-stage) and Jurassic (necking-stage) rift 
basins, as well as Moho depth. Modified after Ziegler (1990) and Goldsmith et al. (2003). (B–C) Shift of the North Sea rift basin depocenter 
configuration during Late Jurassic rifting. Erratt et al. (1999) proposed a scenario involving a transition from E-W divergence to SW-NE diver-
gence (gray arrows) to explain this shift in depocenter configurations. We propose an alternative scenario with continuous E-W divergence 
(red arrows) and increased coupling between mantle and upper crust. Modified after Erratt et al. (1999). CB—Cheshire Basin; CG—Central 
Graben; EB—Egersund Basin; HG—Horn Graben; IMF—Inner Moray Firth; Outer Moray Firth; SPB—Sole Pit Basin; VG—Viking Graben; WG—
Worchester Graben; WSB—West-Shetland Basin.
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rift basin trends as soon as sufficient coupling 
between mantle and upper crust is achieved 
through thinning of the ductile crust during 
necking. This results in a delayed expression 
of mantle inheritance–controlled strain localiza-
tion at the transition from stretching to necking 
in magma-poor rift systems. This new concept 
required us to rethink the link between the kine-
matic evolution/strain distribution on the one 
hand and changes in the regional stress field ver-
sus controls by inheritance on the other hand. In 
the case of the North Sea scenario, introducing a 
delayed expression of mantle inheritance–con-
trolled strain localization allows for consistency 
with a constant E-W divergence, as suggested by 
most plate kinematic models. Moreover, apply-
ing the concept of delayed mantle inheritance–
controlled strain localization may change the 
strain/stress analysis for many early stages of 

rift systems around the world (e.g., the eastern 
Gulf of Aden, the Australian North West Shelf, 
and the Labrador Sea; Autin et al., 2013; Bel-
garde et al., 2015; Heron et al., 2019; Deng 
et al., 2022).
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Figure 4. The concept of how increased coupling due to thinning of the ductile crust can lead to the overprinting of previous crustal structures 
by mantle-controlled deformation. Note that favorably oriented crustal structures can still show reactivation. UC—upper crust; LC—lower 
crust; UM—upper lithospheric mantle; VD—velocity discontinuity. Modified after Zwaan et al. (2022). See Figure 3 for details on model set-up.
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