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Abstract

Divergent triple junctions are stable plate margins where three spreading ridges meet.
Although it is accepted that this configuration is inherited from an earlier phase of continental
rifting, how post-breakup triple junctions emerge from the separation of two plates remains
unclear. By documenting the strain rate history recorded in the three rift-arms of several
modern and ancient triple junctions, we show that deformation is episodic and localized in
only one or two rifts at any given time. We further investigate this behavior in three-
dimensional (3D) analog experiments of rifting, under a range of kinematic boundary
conditions and containing a variety of pre-existing lithospheric heterogeneities. Deformation
in the experiments is characterized by strain jumps and rift abandonment, comparable to
natural observations. Boundary rotation during extension induces oblique stretching
directions, along-strike strain gradients and forces significant strain jump to reduce the
number of rifts segments active. Models that comprise lithospheres ranging from
homogenous to containing a triple junction-like pre-existing heterogeneities, never developed
a three-armed rift, where all rift segments are active at same time, at any stage. Our
experimental results indicate that, unlike mature, successful, and stable oceanic triple
junctions, early-stage continental rifting progresses through unstable “double-junctions”

characterized by repeated strain jumps and rift failures and reactivations.

Introduction

Triple junctions play a critical role in the force balance that drives plate motions through
time. They control the continental segmentation and the morphology and the evolution of
oceanic basins. Oceanic divergent triple junctions are the most stable and long-lived
configurations (McKenzie and Morgan, 1969). They originate as three rifts (R-R-R) or two
rifts and a transform fault (R-R-F) in continental realms, while in their mature stage, they
evolve into triple oceanic ridge or ridge-transform configurations. The emergence of stable,
mature oceanic triple junctions from the fragmentation of continental lithosphere has not yet

been explained by the paradigm of continental rifting, which hinges on the formation of sub-
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linear rift structures between two diverging plates. Divergent triple junctions’ formation and
evolution remain speculative. They cannot be explained by two-dimensional (2D) rifting
models and are not easily reconciled with large-scale, time-averaged plate kinematics derived
from seafloor spreading anomalies and kinematic data (e.g., Gordon 1995; Wolfenden et al.
2005). Therefore, when, and how continental rifts become oceanic triple junctions remains an

unsolved question in plate tectonics.

A long-held view of divergent triple junctions invokes initial doming of continental
lithosphere above a mantle plume-head as a cause for their initiation and subsequent outward
rift propagation (Burke and Dewey, 1973). However, this hypothesis has been questioned by
more recent geological, geophysical, and numerical modeling studies. Many continental
divergent triple junctions are associated with mantle plumes where rifts propagate inwards,
towards the area of mantle plume impingement, for example in the case of the Afar triangle
and South Atlantic rifts (Wolfenden et al., 2004; Koopmann et al., 2014). Burov and Gerya
(2014) showed that mantle plume impingement beneath a stretching lithosphere does not
produce a triple junction, and only linear rifts form. Mantle plumes weaken the lithosphere
(Bellahsen et al., 2006), and related uplift generates a radial extensional stress field (Davies et
al., 2019; Moucha and Forte, 2011). However, the development of many divergent triple
junctions is not associated with a plume head (e.g., South Australia, Labrador-North Atlantic,
South Sinai), ruling out mantle plumes as requisite features (Peace et al., 2017). In general,
many natural examples of divergent triple junctions appear to have developed on pre-existing
thermal and mechanical heterogeneities in the lithosphere, which significantly impact the
propagation, orientation, localization, and distribution of continental rifts in 3D (Heine and
Brune, 2014; Molnar et al. 2017). Although, the influence of these pre-existing structures on

the development of triple junctions remains unknown.

Our understanding of the long-term evolution of rifting relies on the sustained boundary
forces which oriented favorably to the strike of the structures until eventual break-up.
However, rifting in active divergent triple junction implies an extension in three directions
which does not easily reconcile with the basic tenets of plate tectonics of two diverging
plates. Boundary forces vary in magnitude during rifting, and also reorient continuously,
ranging from orthogonal to non-orthogonal to rotational (Brune et al., 2014; Bellahsen et al.,
2005), accounting for rift complexities, such as along-axis rift segmentation, rift jumps

(Khalil et al., 2020) and associated magmatism (Koopmann et al., 2014) as well as the
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evolution of micro-continents (Molnar et al., 2018). For example, Koptev et al. (2015)
successfully modeled a triple junction by enforcing extension from two perpendicular
boundaries on a mantle plume-like weak seed. However, the arms of the triple junction in
their model subsequently evolved simultaneously opposing natural examples, i.e., Afar triple
junction (Wolfenden et al. 2004), where the triple junction's arms have distinct tectonic

histories and evolve in different time frames.

Here, we calculated the vertical strain rate “subsidence” from some well-studied inactive
“failed” continental divergent triple junctions where none, one or two rift-arms reach the
break-up stage. Using 3-D analog modeling of lithospheric stretching and rifting, we
systematically test the role of pre-existing heterogeneities and evolving boundary conditions
on the formation and evolution of continental divergent triple junctions. Comparison of the
results indicates that none of the continental triple junction cases we studied, or the analog
experiments, agree with simultaneous evolution of three-rift arms within a triple junction
rifting configuration. Thus, suggesting that oceanic triple junctions are not inherited features

and likely emerge during continental break-up and oceanization phases instead.

Cases of failed triple junctions

We have calculated the vertical strain rates for the available stratigraphic columns from
the rift-arms of three failed triple junctions (Figure 1). These are the Benue/Potiguar, South
Australia, and the North Sea, representing three different cases of triple junctions: R-R-R
followed by a breakup, R-R-F and breakup, and R-R-R with no breakup, respectively.
Although not exhaustive, these known cases illustrate the evolution of continental rifts under

a range of different conditions.

The calculated vertical strain rates quantify and illustrate the regional-scale evolution
across the entire basins to support a synoptic synthesis. Water-loaded tectonic subsidence was
calculated using backstripping method (Watts and Ryan, 1976), then interpolated using a
cubic spline to calculate vertical strain rates following method in White (1994), while

temperature-dependent density was neglected.

The first example of a failed triple junction occurs during the diverging South America
and Africa plates. This divergence is associated with a "quadruple" junction (Figure 1A),

where the Southern and Equatorial Atlantic intersect Benue and Potiguar continental rifts.
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Strain curves retrieved from the coastal basins along the passive rifted margins of the
Southern and Equatorial Atlantic show multiple episodic peaks corresponding to the recorded
Atlantic rifting phases (Niirnberg and Miiller, 1991). Onshore NE-SW Potiguar rift, on the
South American side, evolved from ~141 to 128 Myr (Lopes et al., 2018) with a recovered
strain rate value around 107'° s~!. The rift associated with an erosional event, i.e., null in the
strain data at ~125 Myr, concurrently with the onset of the Equatorial Atlantic Ocean
opening. At that stage, the rift-axis shifted to an E-W direction due to the South America
plate kinematics (Lopes et al., 2018), while the intra-continental NE-SW rift got abandoned.
The corresponding Anambra Basin in the southern trans-tensional Benue trough, part of the
West African Rift System (WARS), was nearly dormant during the separation of the two
continents, as indicated by low strain rates <10-'® s7!. It got activated, associated with the
Santonian compressive folding event that causes basin depocenter shift, with a strain rate
peaks at 1071 s7! between ~95 and 85 Ma before it faded (Wright 1981). The associated
volcanism was suggested to be a consequence of the unstable R-R-F junction's kinematics in
the region (Grant, 1971), while White and McKenzie (1989) proposed that far-field boundary
forces caused decompression melting above a hot spot as a cause of the flood basalts in the
region. Although St. Helena plume, near the junction, is suggested to contribute to the South
Atlantic opening, lower buoyancy flux suggests a lesser influence in the area (Sleep, 1990;

Wilson, 1992).

A second example is the magma-poor triple junction in Southeast Australia that evolved
into successful plate margins (Meeuws et al., 2016). The separation between Australia and
Antarctica occurred along an R-R-F triple junction where the Bass Strait, and its associated
basins, preserve the record of a failed rift arm. Strain rate curves show a peak activity at 100-
80 Myr with values over ~10! s7! in the Otway Basin and Bass Basin corresponding to the
eastward propagation of the rifting (Figure 1B). The transform Tasman Fracture Zone
developed ~55-34 Myr later along the western margin of Tasmania (Gibson et al., 2011,
2012), influenced by the Moyston Fault Zone, a pre-existing buried lithospheric tectonic
boundary which separates the Proterozoic-Cambrian Delamerian Orogen from the
Phanerozoic Lachlan Fold Belt (Gibson et al. 2013). The development of this transform fault
is marked by a high strain rate of ~107153 s7! in the western Bass Basin, while the Otway
Basin and East Bass Basin were quiescent (Brown et al., 2003). Although speculative,

tectonic drivers for developing the SE Australia triple junction likely involved the
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superposition of two far-field boundary forces as evident from the analysis of seafloor
spreading isochrons. These are, rift propagation from the west and the rotation from the
northeast (Veevers and Li, 1991), and suggests that a plume was an unlikely influence on

continental rifting (Meeuws et al., 2016).

The North Sea triple junction represents a multistage rift system developed within an
area of intersecting linear pre-existing basement weaknesses (Figure 1C). The rifting history
records complex shifts in the rift axis location and a significant rotation of the kinematic
velocity vector directions (Erratt et al. 1999). Strain rate curves from the major basins support
an episodic rifting regime with distinctive timing. Although, the evolution of the North Sea
rift associated with a near-central uplift attributed to a thermal anomaly, White and Latin
(1993) questioned the hotspot influence in the area, given that the amount of the basalt in the
central part is less than what a plume model predicts, while there is no record of a plume-tail.
Latin et al. (1990) suggested that the doming in the Central North Sea was short-lived and

relatively localized.

Preceding examples illustrate the protracted episodic evolution of the three-rift arms of
divergent triple junctions that do not fit in a plume-driven model of triple junction formation.
This suggests that mature divergent triple junctions result from distinct rifting episodes

influenced by evolving boundary forces and internal heterogeneities.
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Figure 1. Left, paleogeographic reconstructions (Muller et al., 2016) using GPlate software
with structural features annotated on top of some natural failed triple junctions. Right,
corresponding calculated profiles of the vertical strain rate of each triple junction case. A,
Benue and Potiguar rift systems formed a quadruple junction with off-cantered plume, after
Wilson (1992); B, the magma-poor Otway-Bass-Tasman triple junction in Southern Australia
after Gibson et al. (2013). C, North Sea rifting system with a centred thermal anomaly
(plume?) after Erratt et al. (1999). EA, Equatorial Atlantic; SA, South Atlantic; s.z., shear
zone; CoSZ, Coorong Shear Zone; MF, Moyston Fault; AF, Avoca Fault; HF, Heathcote
Fault; CAZ, Chat Accommodation Zone; MSZ, Mertz Shear Zone; MT, Moine Thrust.

Analog experiments and results
Our laboratory experimental approach aims to simulate the initiation of active triple

junctions and their subsequent structural evolution during divergence of two continents
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containing pre-existing heterogeneities and under different kinematic boundary conditions
(Khalil et al., 2020). The model lithosphere (Figure 2) consisted of a brittle upper crust,
viscous lower crust, and a high-viscosity lithospheric mantle. The model lithosphere floats on
a lower viscosity, higher density model asthenosphere, which provided isostatic support for
the deformation (for materials and scaling, refer to Khalil et al., 2020). The north-western
model boundary is fixed, while the north-eastern boundary is displaced at a controlled rate by
a linear actuator. The southern boundary is dragged passively. We systematically assessed the
role of far-field orthogonal and rotational extension in two different set-ups (Figure 2A and
B).
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Figure 2. 3D sketches of analog modeling set-ups under A, orthogonal and, B, rotational
extension. C, cross-section showing the different model layers (after Khalil et al., 2020). psx,
modeled fixed plate. pmov, moving plate. pdrag, passively dragged plate. lithom, model
lithosphere. asthm, model asthenosphere. D, Isometric sketch showing the geometric

configuration of the implemented model lithosphere weaknesses.

In a first set of reference experiments (Figure 3: Models 1 and 4), we applied orthogonal
and rotational kinematic boundary conditions to model lithospheres containing no pre-

imposed weaknesses. In the second set of experiments (Figure 3: Models 2 and 5), we
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simulated three pre-existing, linear weak lithospheric-scale heterogeneities at an angle of
120° to each other, with an initial triple junction configuration. Finally, in a third set of
experiments (Figure 3: Models 3 and 6) two linear, pre-existing weaknesses, 120° apart,

intersect a hemispherical weakness, representing a plume-related thermal perturbation.
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Figure 3. Analogue experiments and results. A, experiments under orthogonal extension; B,
experiments under rotational extension. The first column represents the 3D geometric layout
pre-existing weaknesses in the models; the second and third columns represent surface
elevations of the early and late evolution stages. a-c, linear weaknesses. d, hemispherical

weakness.

During orthogonal extension (Figure 3A), the model with no pre-existing weaknesses
(Model 1) first formed two central parallel rifts (rla, rlb), and a later rift in the south east
(r2), all of which were perpendicular to the extension direction. In the model with three
intersecting pre-existing linear heterogeneities (triple junction configuration; Model 2), two
initial parallel rifts (rla, r1b) formed adjacent to the north-south trending pre-existing
weakness. These rifts propagated southward and branched out to the southeast and southwest
into several rift segments, but no triple-junction formed. At later stages, strain localized in a
north central rift (r3) while the flanking rifts (rla, r1b) were abandoned. With increased
stretching, the central rift (r3) coalesced with the southern rift segments (r2a, 12b). The model
with two pre-existing linear heterogeneities that intersect a hemispherical weakness (Model
3) formed several well-defined rift zones (rla, r1b, 12, 13, r4). Above the hemispherical

weakness, the westernmost rift (r2) evolved with an orientation that was slightly non-



213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

orthogonal to the extension direction. This structure connected with the northern rift (rla)
along a rotated intra-rift block. Later in the model evolution, the western rift was abandoned,

and strain localized in a newly active eastern rift (r4).

Experiments with rotational extension (Figure 3B) developed similar structures and no
triple junctions. The model with no pre-existing weaknesses (Model 4) developed initial rifts
(r1, r2a, r2b, r3) in the model center that propagated towards the pole of rotation. In the
model with three intersecting pre-existing linear heterogeneities (triple junction
configuration; Model 5) formed a rift in the south (r1) that was not influenced by the pre-
existing weaknesses and was oriented near-orthogonal to the initial rotational extension
direction. Further stretching showed progressive strain accumulation into newly formed rifts
(r2, r3) that are favorably oriented, i.e., low-oblique, with the evolving stretching directions
while the precursor rifts became dormant, i.e., failed rifts. A triple junction did not form in
this experiment. The model with two pre-existing linear heterogeneities that intersect a
hemispherical weakness (Model 6) developed two consecutive rift segments (r1, r2) that were
aligned with the linear weaknesses. The eastern rift segments coalesced, and well-defined

shear zones developed parallel to the extension direction, but no triple junction formed.

Cumulative surface normal strain calculated for the reference model, under orthogonal
and rotational extension, shows the development of a central deformed zone (Figure 4A and
D). Under orthogonal extension, the model lithosphere with a pre-existing triple junction
configuration show no concurrent active three-rifts, but consecutive, episodic rifts evolved
(Figure 4B). This is evident from the consecutive strain peaks. Under rotational extension,
the same model shows a shift in the strike of the rift-axis towards the updated extensional
directions and a consequent rift abandonment (Figure 4E). The implementation of a
hemispherical weakness (models 3 and 6) shows that, under orthogonal extension (Figure
4C), distributive rifts develop with different timeframes while, under the rotational extension
(Figure 4F), the hemispherical weakness existence contributes to the lithosphere weakening

and favors two-arm rift configuration.
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Figure 4. Cumulative surface normal strain in the experiments. A-C, models with orthogonal
extension. D-F, models with rotational extension. A and D models contain no pre-existing
weaknesses; B and E models with 3 pre-existing linear weaknesses with a triple junction
configuration; C and F models with 2 pre-existing linear weaknesses, 120 apart intersecting a

hemispherical weakness, simulating a mantle plume head.

Discussion and Conclusions

Observations from well-studied triple junctions and analog modeling strongly suggest
that divergent triple junctions are result of episodic continental rifting phases with various
timeframes. Thus, oceanic triple junctions are unlikely inherited from a single-phase
continental rifting.

The boundary forces vary in magnitude and reorient continuously, ranging from
orthogonal to non-orthogonal to rotational (Brune et al., 2014; Bellahsen et al., 2005). For
example, in the Afar region, the separation of Arabia and Africa was influenced by far-field
tectonics, with the opening of the Red Sea and the Gulf of Aden at circa 30-25 Ma, as a result
of the rotational far-field forces acting on Arabia (Bellahsen et al. 2005; Khalil et al., 2020).
The third active arm, i.e., the Main Ethiopian Rift, developed later at circa 11 Ma (Wolfenden

10
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et al. 2004). The kinematic rotational boundary condition control rift propagation
mechanisms and rift geometries.

Rheological heterogeneities, including the thermal and buoyancy effects of the mantle
plumes, localize strain and consequently influence where and how the lithosphere deforms
differently under different boundary conditions (Brune, 2014; Molnar et al., 2017; Khalil et
al., 2020). Ultimately, they affect the tectonic plate kinematics and strain distribution.

Although we implemented pre-existing linear weaknesses with a triple junction
morphology (Models 2 and 5), triple junctions did not evolve in either orthogonal or
rotational rifting experiments (Khalil et al., 2020). Instead, either a wide deformation zone or
consecutive rifts developed during orthogonal or rotational extensions, respectively. The
experiments suggest that a two-arm rift configuration is more likely to reach the oceanization
stage due to favorable strain localization to the reoriented extension directions, i.e., rotational
boundary conditions while preceding rifts got abandoned. Rift abandonment is observed in
Model 5, while Model 6 exhibits a two-arm rift akin to the Red Sea-Gulf of Aden rifting
(Khalil et al., 2020). These observations agree with comparable numerical models in which
the success of a rift-arm is based on its favorable strike orientation to the extension direction

(Heine and Brune 2014).

Structures must rearrange accordingly during the long-term evolution of divergent triple
junctions. Re-orientation of rifts and the consequent strain jump can be explained as an
energy minimization, in which constant deformation rates applied by the boundary conditions
imply that the integral of the strain rate, i.e., the dissipation, inside the model must be equal
and constant. Thus, the total dissipation integrated on active rifts does not change and, as new

rifts form, the deformation in old, developed rifts must cease to keep the dissipation constant.

Even though a triple junction configuration is postulated to be formed due to the
impingement of a mantle plume at the base of the lithosphere (Burke and Dewey, 1973),
experimental work has shown that it cannot reach the continental breakup stage without the
aid of bi-directional extension (Koptev et al., 2015). Our implementation of a hemispeheric
weakness that simulates a mantle plume (Models 3 and 6) shows that the effect of the plume

head favors distributed strain under orthogonal extension, while under rotational extension, it

11
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favors the strain localization in the neighboring double junction rifting (Bellahsen et al.,

2003; Khalil et al., 2020).

We hypothesize that successful triple junctions are the inheritance of multiple and
distinct continental rifting phases, in which the evolution is complex and involved multiple
episodes of extension, thermal subsidence, and shifting depocenters. The role of the plume
was to locally weaken the lithosphere and trigger initial rifting rather than the continental

breakup itself.
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Supplementary information 1

Backstripping

Backstripping technique (Watts and Ryan,1976; Steckler and Watts, 1978) is a
straightforward application to quantify the isostatic response of a stratigraphic section in a
sedimentary basin (Muller et al, 2018). The aim of the backstripping is to retrieve the
geohistory, e.g., subsidence and uplift, of the sedimentary basin as a function of time (Van
Hinte, 1978; Fig. 3.1).

We used the mud log records, of the studied wells, from literature, to obtain the present-day
thickness of the different stratigraphic units, their lithologies, their petrophysical properties,
and the age of the different horizons.

Following the approach of e.g. Steckler and Watts (1978), Watts (1981), Alan et al (1998),
and Muller et al (2018), we started by decompacting each sedimentary stratum to the time
where it deposited using the following relationships:

Z
@, =3,

do+to dpttn
j (1—@,)dz = j (1—@,)dz

do dn

Where @ is the surface porosity of the sedimentary unit, @, is the porosity at depth z, and ¢ is
the porosity coefficient. The values of @ and ¢ depend on the lithology of each sedimentary
unit and summarize in Table 1. do and d, are the surface position of the sedimentary unit,
during its depositional time, and the burial depth of the unit, after time n, respectively. While
to and t, represent the original unit thickness, during its depositional time, and the compacted
thickness, when the unit is at depth dy, respectively. The term (1- @,) represents the
incompressible component of the sedimentary unit, i.e., the volume of the grains, assuming a
no cementation or late-stage diagenesis.

To do so, we removed the overburden sedimentary load above each unit and restored its
decompacted thickness by solving numerically for #:

tO = tn - an + UWO
where vwy is a function of 7 and represents the original pore volume when the sedimentary
unit was at the surface, while vw, represents the pore volume when the sedimentary unit was
at depth dh.
Consequently, we corrected the thicknesses of the underlying units and calculated the total

subsidence as a sum of the units’ thicknesses at each time n. Then we separated the tectonic
subsidence component from the total subsidence using the following equation:
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pm_pb pm
Zp =Sp x|/ |+ wg— s *
Pm ~ Pw P ~ Py

Where pm is the density of the mantle = 3300 kg/m?, py is the retrieved bulk density of the
unit after the decompaction correction, py is the water density = 1000 kg/m?, sy, is the total
subsidence of the basin at time n, wq is the paleowater depth, s;is the sea level change.

We tracked and plotted the total and tectonic subsidence with time as shown in
supplementary figures (1-4).

Surface Porosity
Density porosity coefficient
Lithology kg/m3 %/100 m!
sand 2650 0.49 0.00026998
shale 2720 0.63 0.0005102
dolomite 2870 0.38 0.00050352
limestone 2850 0.51 0.00022002
Anhydrite 2950 1E-10 0.1
Basalt 2700 0.2 0.0002
shaly sand 2680 0.56 0.00039002
silt 2661 0.76 0.00091659
carbonate sand 2710 0.48 0.00025063
conglomerate 2600 0.5 0.0003
clay 2735 0.76 0.00079872

Table 1 — Porosity-depth relationships for common lithologies. Values are from Miiller et al.,
2018.
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Figure S1 — location and subsidence data of the studied wells in the Southern Atlantic.
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Figure S2 — location and subsidence data of the studied wells in the Equatorial Atlantic.
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Figure S5 —Subsidence data of the studied wells in the North Sea.
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Figure S6 —Subsidence data of the studied wells in the Southeast Australia.
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