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Abstract

The documented occurrence of ancient continental cratonic roots beneath several
oceanic basins remains poorly explained by the plate tectonic paradigm. These roots are
found beneath some ocean-continent boundaries, on the trailing sides of some continents,
extending for hundreds of km or farther into oceanic basins. We postulate that these cratonic
roots were left behind during plate motion, by differential shearing along the seismically
imaged mid-lithosphere discontinuity (MLD), and then emplaced beneath the ocean-continent
boundary. Here, we use numerical models of cratons with realistic crustal rheologies drifting
at observed plate velocities to support the idea that the mid-lithosphere weak layer fostered
the decoupling and offset of the African continent’s buoyant cratonic root, which was left
behind during Meso-Cenozoic continental drift and emplaced beneath the Atlantic Ocean. We
show

that

in

some

cratonic

areas,

the

MLD

plays

a

similar

role

as

the

lithosphere-asthenosphere boundary for accommodating lateral plate tectonic displacements.
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Key points



Cratonic roots can be left behind beneath oceanic basins during plate motion, by
differential shearing along the seismically imaged MLD.



This process might have taken place in the SW Africa-Atlantic margin, and the Ontong
Java Plateau.



A weak MLD likely plays a similar role as the LAB for accommodating lateral plate
tectonic displacements.

1. Introduction

Modern oceanic basins are typically floored by lithosphere formed at spreading ridges or
areas near mantle plume heads within oceanic basins. The age of the oceanic lithosphere
increases away from spreading centers to continental margins, where modern oceanic
lithosphere is no older than 300 Ma [Müller et al., 2008]. The thickness of most of the
oceanic lithosphere increases with the square root of its age, until ~ 100 km [Doin and
Fleitout, 1996], however, high seismic-velocity anomalies are found beneath some oceanic
basins, indicating that the lithosphere extends in these places to greater depths [e.g., King and
Ritsema, 2000; Deen et al., 2006; Begg et al., 2009]. An example is the presence of thick
lithosphere beneath the southern Atlantic margin adjacent to Africa where several studies
reveal high shear wave velocity anomalies (2-7 %) at depths between 100-175 km or deeper
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[e.g., King and Ritsema, 2000; Deen et al., 2006; Begg et al., 2009] (Figure 1). This anomaly
is laterally continuous with high-velocity anomalies in the cratonic area adjacent to it (where
the anomaly is ~8%), yet it is found 300-1300 km away from the passive margin. Some of
these areas have been proposed to be continental lithospheric roots, possibly ancient cratonic
lithosphere of Proterozoic or Archean ages (>1000 Ma) [Bonatti, 1990; Chazot et al., 2005;
Deen et al., 2006; Begg et al., 2009; Coltorti et al., 2010], which were dislocated or
embedded beneath oceanic basins for about 300-1300 km away from passive margin (Figure
1) [Bonatti, 1990; Chazot et al., 2005; Deen et al., 2006; Begg et al., 2009; Coltorti et al.,
2010; Huismans and Beaumont, 2011].
This geophysically detectable, atypically thick and old lithosphere is distinct from
regions yielding ancient magmatic components derived from heterogeneous mantle sources
contaminated by ancient lithospheric fragments [Harvey et al., 2006; Liu et al., 2008;
Hamelin et al., 2013], and also distinct from hyper-extended continental margins [Brune et al.,
2014], where continental crust can be trapped within the forming oceanic lithosphere during
stretching. These observations perhaps are consistent with suggestions that some parts of
cratonic mantle lithosphere are not permanently attached to the drifting continental
lithosphere, as previously thought, thus potentially highlighting novel aspects of continent
stability [Artemieva and Mooney, 2002; Begg et al., 2009; Huismans and Beaumont, 2011;
Beaumont and Ings, 2012; Huismans and Beaumont, 2014; Kaban et al., 2015].
However, why such volumes of what appears to be thick continental cratonic lithosphere
are found beneath oceans remains controversial. Some of these phenomena are likely
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contributed by small-scale convection related down-welling [e.g., King and Ritsema, 2000].
Some think that the shift of buoyant cratonic roots in continental interiors can be caused by
strong basal drag with over thick (>300 km) cratonic roots [Artemieva and Mooney, 2002;
Kaban et al., 2015], some propose that buoyant cratonic roots are dislocated with relatively
small offsets (typically <100 km) by forces that arise from lateral pressure gradients during
the continental breakup process [Huismans and Beaumont, 2011; Beaumont and Ings, 2012;
Huismans and Beaumont, 2014], whereas others support fragmentation and lateral disruption
of the cratonic lithosphere along weak zones during rifting [Begg et al., 2009; O'Reilly et al.,
2009].
Recently, a Mid-Lithospheric Discontinuity (MLD, at depths between ~60 and ~160 km,
and generally between ~80 and 100 km) has been detected in most cratonic areas, showing
low seismic velocities and a distinct seismic anisotropy signature [Thybo and Perchuć, 1997;
Yuan and Romanowicz, 2010; Wölbern et al., 2012; Sodoudi et al., 2013; Selway et al., 2015;
Calò et al., 2016; Aulbach et al., 2017]. Seismic velocity reductions across this layer are very
large (3–10%) and greater than those measured across the lithosphere-asthenosphere
boundary (LAB) in continental areas (~1% or slightly larger) [Selway et al., 2015 and
references therein; Aulbach et al., 2017]. The fast-axis direction of azimuthal anisotropy in
some cratonic areas (e.g., North America) changes sharply at MLD depths [Yuan and
Romanowicz, 2010]. Proposed models for the nature of the MLD include enhanced partial
melting or grain boundary sliding, enrichment in infiltrated frozen melts, pyroxenes,
phlogopite, amphibole or carbonates, and layering of minerals with distinct orientation or
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changes in deformation creep mechanisms (boundary between diffusion- and dislocationcreep) [Selway et al., 2015; Fei et al., 2016; Aulbach et al., 2017]. The general view is that
some MLD’s are sufficiently weak layers in the mid-lithosphere [e.g., Thybo and Perchuć,
1997; Liao et al., 2013; Liao and Gerya, 2014 and references therein], where decoupling and
shearing between the upper and lower part of the cratonic lithosphere will most likely occur
[Liao et al., 2013; Liao and Gerya, 2014].
The occurrence of the MLD is also well-documented in the Tanzania and Kalahari
Cratons of Africa. Here the cratonic roots are inferred to be buoyant, as constrained by
deep-sourced xenolith compositions [Poudjom Djomani et al., 2001]. The MLD is possibly
related to melt infiltration and metasomatism [Wölbern et al., 2012; Sodoudi et al., 2013],
which can lead to localized MLD weakness and shearing. Thus, we postulate that the MLD in
the African cratons is likely a weak layer that locally underwent strong shearing, decoupling
the cratonic lithospheric root and allowing its lateral offset underneath the Atlantic oceanic
basin, during motion of the African plate (Figure 1).
We test the viability of this mechanism by means of numerical modeling, and find that
the large lithospheric offset beneath the continent-ocean transition zone can be generated by
shearing along a weak MLD during plate motion. Our results are consistent with geological
examples and have broad implications for understanding the origin of some other poorly
understood thick, ancient lithosphere beneath oceanic basins.
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2. Numerical modeling of lateral lithospheric root offset

The process described here relies on the mechanical strength of the MLD layer and
lateral shearing during plate motions. The mechanical competence of the MLD is determined
by its rheological properties, that is its averaged viscosity (ηMLD) and thickness (hMLD). These
values can be inferred from laboratory-constrained flow laws of mantle-forming minerals,
yielding averaged viscosities of 1019-1023 Pa s [Hirth and Kohlstedt, 2003] and
geophysically-constrained MLD thicknesses, ranging from 10 to 50 km [Selway et al., 2015].
The shearing during plate motions is mainly driven by the plate velocities (vplate) along the
model’s upper boundary, which is here constrained by present-day plate velocities of 0 to 20
cm/yr [Müller et al., 2008; Seton et al., 2012; Zahirovic et al., 2015] with respect to a fixed
reference frame, here placed at the model’s mantle lower boundary. Thus, we test the role of
these parameters by numerical modeling (see the details in the supporting information),
where a vertically-layered cratonic lithosphere embeds a layer with different predefined
thicknesses and effective viscosities in between the upper and lower lithosphere, representing
the MLD, and undergoes a range of shearing velocities acting as plate velocity on the top of
the plate. Figure 2 shows two representative examples out of 225 models we tested, with a
weak and a strong MLD in between the upper and lower lithosphere. The related methods and
details for modeling are described in the supporting information [Ranalli, 1995; Moresi et al.,
2003; Gerya and Stöckhert, 2006; Capitanio et al., 2010; Rodríguez González et al., 2012;
Lee et al., 2011; Li et al., 2013; Wang et al., 2015; Wang et al., 2016].

© 2017 American Geophysical Union. All rights reserved.

The results from all models are displayed on a MLD thickness-effective viscosity-plate
velocity (hMLD-ηMLD-vplate) space through data interpolation, where we measure, as diagnostic
indicators, the decoupling velocity (vdecoupling) and the second invariant of the deviatoric strain
rate tensor (  II ). The decoupling velocity is the differential velocity between the lower and
the upper sections of the lithosphere and provides an estimate of the lateral offset rates of the
lithospheric root, while the strain rates in the MLD represent the instantaneous shearing
within the MLD. We have also tested the length of the cratonic block along the plate motion
direction, although we found the outcomes are not sensitive to this parameter (Figure S2).
We find that shearing, quantified by the strain rate  II , increases with a reduction in
MLD strength which results from either increasing the MLD thickness or lowering its
viscosity. Instead, the lateral offset rate, quantified by vdecoupling, increases with plate velocity.
Our results show that in models with vanishing MLD thickness, or large MLD viscosity, only
minor cratonic root offset and shearing are measured, with vdecoupling of 0.01 to 0.1 cm/yr and

 II 10-17.5 to 10-16.5s-1, in spite of the plate velocity being as large as 20 cm/yr (Figures 3a and
3b). In this case, the lateral offset of the lower lithosphere is 10-100 km within 100 Ma for
tested plate velocities of 1 to 20 cm/yr. The models with large MLD thicknesses and low
MLD effective viscosity produce the largest offset of the lower lithosphere (Figures 3a and
3b), with decoupling velocities of 1 to 10 cm/yr, which can lead to lower lithosphere lateral
offsets as large as 1000-10000 km within 100 Ma, and strong shearing between the upper and
lower lithosphere along the weak MLD with strain rates of 10-15.5 to 10-14.5 s-1.
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3. Applications to geological cases

The SW Africa region underwent tectonic translation at plate velocities of 0.8 to 6 cm/yr,
with an average value of ~2.5 cm/yr, since the breakup between Africa and South America
130 Ma ago (Figure 1) [Müller et al., 2008; Seton et al., 2012; Zahirovic et al., 2015]. The
largest ~1300 km wide lateral offset of continental lithosphere beneath the ocean basin,
initiated by 130 Ma, could have been achieved at an average decoupling velocity of ~1 cm/yr.
The lower bounds imposed by averaged plate and decoupling velocities constrain the
condition of the average MLD rheology near SW Africa (thickness and effective viscosity)
based on the modeling results (Figure 3) imply an average MLD viscosity of 1019 to 5*1020
Pa s and thickness of 10 to 50 km (Figures 3c and 3d), to allow decoupling velocities of
~0.5-1.5 cm/yr.
More realistically, the velocity of the African plate was faster during the interval from
130 - 90 Ma following break-up (Figure 1), where absolute plate velocities ranged between
2.5 and 6 cm/yr, after which this has been constantly below 2.5 cm/yr since 90 Ma. Likely,
the root's offset occurred in this stage, when faster plate velocity maximized the lithospheric
shearing. The largest offset of ~1300 km between 130-90 Ma could have occurred at an
average rate of 3.25 cm/yr, in this case. The numerical models with plate motions at such
velocities reproduce compatible decoupling rates, that is >3.25 cm/yr, for MLD weaker than
~1019.5 Pa s and thicknesses of ~40 km.
The estimated thickness and averaged viscosities in these models are compatible with
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the available constraints on lithospheric discontinuities. The minimum MLD thickness
required according to the models is ~25 km, consistent with the well-documented 30-40 km
MLD thickness in many cratons [Yuan and Romanowicz, 2010; Wölbern et al., 2012;
Sodoudi et al., 2013; Selway et al., 2015; Aulbach et al., 2017]. The model results suggest
that the MLD viscosity constraints for the SW African case (1019 - 5*1020 Pa s) are somewhat
outside the formal viscosity range of mantle lithosphere by laboratory constraints
(1021-5*1024 Pa s) [Selway, 2015], factors such as water, partial melt, and crystal alignment
and shear weakening, all reduce viscosity. The difference of 1-2 orders of magnitude in
viscosity can be explained reasonably well by wet mantle rocks with ~400-2800 ppm
hydrogen or partially melted mantle rocks with 5-10 wt% melt [Hirth and Kohlstedt, 2003;
Wang et al., 2016] and assisted by the crystallographic preferred orientations of mantle
minerals and the consequent viscous anisotropy decrease (by 1 order of magnitude) [Hansen
et al., 2012], or favored by recrystallization of melts with basaltic composition and smaller
grain size [Hirth and Kohlstedt, 2003].

4. Discussion

The process explained here is compatible with examples of cratonic lithosphere
delamination, in which lithospheric plates are dismembered vertically. In this case, shearing
and decoupling also occurs along the weak MLD, while sinking is the consequence of
negatively-buoyant roots. This mechanism has been proposed to explain the observed
lithospheric root loss in the North China Craton [Chen et al., 2014]. Similar to other kinds of
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metasomatism-related lithospheric weakening [Wenker and Beaumont, 2017], the weakness
of the MLD has also been demonstrated to be important for craton extension and thinning
processes [e.g., Liao et al., 2013; Liao and Gerya, 2014].
The numerical models here on the lateral offset of cratonic roots are comparable with
previous works focusing on buoyant cratonic roots dislocated by forces that arise from lateral
pressure gradients during breakup process [e.g., Huismans and Beaumont, 2011; Beaumont
and Ings, 2012; Huismans and Beaumont, 2014] or by strong basal drag with over thick
(>300 km) cratonic roots in continental interiors [e.g., Artemieva and Mooney, 2002; Kaban
et al., 2015]. The forces that arise from lateral pressure gradients and basal drag can make the
continental lithospheric mantle unroofed or shallowly roofed in the oceanic basins during
breakup, with lateral offsets typically <100 km for models without sufficiently weak MLD’s
[e.g., Huismans and Beaumont, 2011; Beaumont and Ings, 2012; Huismans and Beaumont,
2014] and >100 km for models with sufficiently weak MLD’s [e.g., Liao et al., 2013; Liao
and Gerya, 2014]. Besides, small-scale convection-related down-welling and deformation of
the lithospheric step at craton-ocean margins can also contribute to the displacement [King
and Ritsema, 2000]. Thus, small-scale convection, forces that arise from lateral pressure
gradients, basal drag, shearing along a sufficiently weak MLD, as well as lateral disruption of
the cratonic lithosphere during rifting [Begg et al., 2009; O'Reilly et al., 2009] likely
accompany each other to accomplish such a long distance offset (300-1300km) of cratonic
roots.
Our model results indicate large lithospheric offset along the MLD can be achieved
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during the post-rift stage after the oceanic lithosphere has thermally stabilized, whereas
previous model results [e.g., Liao et al., 2013; Liao and Gerya, 2014] have shown that the
models at the time of rifting would develop exhuming channel flows which would
modify/inhibit the decoupling of the lower lithosphere. All of these studies [Liao et al., 2013;
Liao and Gerya, 2014 and this study] use a ‘dry’ olivine flow law for the asthenosphere,
which would induce a stronger basal drag than the one using ‘wet’ olivine. In a‘wet’ olivine
case with approximately a factor of 10 lower viscosity for the asthenosphere, the basal drag
can be reduced by a factor of 10, thus the decoupling velocity and displacement of the lower
lithosphere would be also reduced.

5. Hypothesis and implications for thick, ancient lithosphere beneath oceanic
basins

The process proposed and modeled here can be divided into 3 stages. In the initial stage
(Stage 0, Figure 4a), cratonic lithosphere with a weak MLD is still stable because of
insufficient weakness of the MLD, a large distance from a continental margin, or protection
by surrounding orogenic belts. The lithosphere at this stage is likely similar to the
lithospheres of the present Superior, Slave, Yilgarn and western North China Cratons [Chen
et al., 2014; Selway et al., 2015; Aulbach et al., 2017], where Mid-Lithosphere
Discontinuities are imaged within the cratons, but are probably not weak enough and
protected by surrounding orogenic belts [e.g., Lenardic et al., 2000] so do not show offset of
roots beneath oceans. For the cratons with sufficiently weak MLD's (low viscosity and large
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thickness), the cratonic roots would start to be displaced laterally during on-craton rifting,
making cratonic roots dislocated beneath the newly formed oceanic basins [Liao et al., 2013;
Liao and Gerya, 2014]. In the following stage (Stage 1), the upper lithosphere moves fast
during plate motion, leaving the buoyant cratonic root behind beneath the oceanic-continent
transition along the weakly coupled MLD (Figure 4b). The best example for this stage is
likely the lithosphere near the SW Africa margin of the Atlantic. This process can be
sustained by large plate velocities, driving progressive shear, although progressive thinning of
the MLD results in decreased decoupling (Figure 4c), so that the displaced buoyant cratonic
root is anchored beneath, and consequently coupled to, the oceanic plate, moving with it
(Stage 2). This results in a new, hybrid oceanic/continental lithosphere, with the upper section
formed at an ocean ridge, and with a cratonic root trapped beneath it. Upon emplacement in
the oceanic realm, where geotherms are hotter, the MLD undergoes heating and potentially
melting. Melting in the lithospheric layers rich in amphibole, phlogopite, frozen melts, or
volatile matter [Griffin et al., 2003; Thybo and Perchuć, 1997; Foley, 2008; Wölbern et al.,
2012; Selway, 2015], can occur followed by upward migration of melt and intrusion into a
new, or reworked, MLD in the oceanic area (Figure S5) above the former MLD. We speculate
that a likely example of this stage is the layered lithosphere in the Ontong Java oceanic
plateau. Here, lower lithosphere with ancient continental features (~95-120 km or ~280 km,
0.9-1.7 Ga) [Ishikawa et al., 2011; Tharimena et al., 2016] underlies the young oceanic
lithosphere (<85 km and <160 Ma) with a clearly detected ‘MLD’ (40-80 km) in between
[Ishikawa et al., 2011; Tharimena et al., 2016]. Although a proposed cause is plume
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impingement [Ishikawa et al., 2011; Tharimena et al., 2016], this configuration is also
compatible with the Stage 2 in our model. Additionally, other discrete segments of ancient
continental roots beneath oceanic basins in the Atlantic [Bonatti, 1990; Coltorti et al., 2010]
can also be examples of Stage 2.
The model proposed here is further corroborated by similar processes occurring on the
western side of the Atlantic rift-to-drift evolution. Thick lithospheric roots are also imaged by
seismic studies along the American side of the Atlantic, beneath the North and South
American continental margins [e.g., King and Ritsema, 2000; O'Reilly et al., 2009] (Figure
S6). Following the Atlantic opening, similar shearing and offset of continental roots might
have occurred on both sides of the oceanic spreading, so that some North and South
American continental lithosphere underwent the same processes as those constrained in the
SW African margin. This supports the idea that the mechanism proposed here is of global
relevance, especially for the craton-ocean margins with relatively dry asthenosphere or strong
basal drag. It reveals that in some cratonic areas, the MLD plays a similar role as the
lithosphere-asthenosphere boundary (LAB) for plate tectonics. Both the LAB and the MLD
can serve as the boundary for accommodating lateral plate tectonic displacements.
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Figure 1. Lateral lithosphere offset near SW Africa during plate motion. (a) 100-175 km
depth Vs difference section near Africa from the 4.5 km/s average velocity of this depth (after
Begg et al., 2009). (b) Age units of upper lithosphere (~ 0-100 km depth) (after Begg et al.,
2009). (c) Age units of lower lithosphere (~ 100-175 km depth) (after Begg et al., 2009). "A"
means the regions that experienced their last major tectonothermal events >2.5 Ga ago; "P" is
formed or modified between 2.5-1.0 Ga; "T" means formed or modified <1.0 Ga. Red dashed
line outlines the distinct region with oceanic upper lithosphere and ancient cratonic roots,
extending 300-1300 km into the Atlantic Ocean; black dashed line outlines the region with
ancient / reworked upper lithosphere but without ancient lower lithosphere. Blue lines in (b)
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outlines the ancient lower lithosphere with last major tectonothermal events >2.5 Ga (red “A”
unit in c) to show the lateral offset between the upper and lower lithosphere. (d)
Paleo-position (130 Ma - present, black-gray-white lines) and plate motion path line of the
African plate through the past 130 million years, topographic map is from ETOPO1 (Amante
and Eakins, 2009). (e) Average plate velocity through time relative to a fixed mantle
reference frame based on the velocity of control points (gray circles, resolution is 3×3 degree
within the whole African plate, see supporting information) on the African plate.
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Figure 2. Model example of a ~2500 km length cratonic lithosphere under plate velocity
vplate= 2.5 cm / yr. (a) Example with 30 km thick MLD owning a viscosity of 1019 Pa s,
significant offset (~1000 km) is calculated after ~127 Myrs of plate motion (vplate= 2.5 cm /
yr). (b) Example without MLD, no significant offset is observed after similar period (~129
Myrs) of plate motion (vplate= 2.5 cm / yr). For all models in this paper, oceanic crust and
oceanic mantle lithosphere are 0-10 km deep and 10-80 km deep, respectively. The upper
crust (0-15 km deep), lower crust (15-40 km deep), and cratonic mantle lithosphere (40-200
km deep) are assigned to cratonic regions.
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Figure 3. Dependence of decoupling velocity (vdecoupling, a and c) between the upper and
lower lithosphere and the second invariant of the deviatoric strain rate tensor (  II , b and d) on
different parameters interpolated from more than two hundred model results. vplate is the plate
velocity (in cm/yr) of the cratonic upper lithosphere, ηMLD is the viscosity (in Pa s) of the
MLD, hMLD is the thickness (in km) of the MLD. (a) and (b) are the possible conditions for all
cratons around the world. (c) and (d) are the possible conditions for African cratons bordered
by two plate velocity slices (0.8 and 6 cm/yr for minimum and maximum plate velocities,
respectively, as shown in Figure 1e ), and with a decoupling velocity between 0.5-1.5 cm/yr
(vdecoupling= vplate- vroot).
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Figure 4. Simplified sketch of decoupling and lateral offset of the buoyant cratonic root
beneath oceanic basins along the MLD. (a) Stage 0: Cratonic lithosphere with weak MLD’s is
still stable before significant plate-motion-related decoupling. (b) Stage 1: Decoupling, and
sliding out of the upper lithosphere along the MLD. (c) Stage 2: MLD thinned through
shearing and reworking, and displaced cratonic root being coupled with oceanic lithosphere.
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Note that the buoyant root (purple) formed entirely beneath the continental lithosphere (green
to orange) and has been laterally left behind during continental drift.
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