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Abstract Edge-driven convection (EDC) forms in the upper mantle at locations of lithosphere thickness
gradients, e.g., craton edges. In this study we show how the traditional style of EDC, a convection cell gov-
erned by the cold downwelling below an edge alternates with another style of EDC, in which the convection
cell forms as a secondary feature with a hot asthenospheric shear flow from underneath the thicker litho-
sphere. These alternating EDC styles produce episodic lithosphere erosion and decompression melting.
Three-dimensional models of EDC show that convection rolls form perpendicular to the thickness gradient
at the lithosphere-asthenosphere boundary. Stagnant-lid convection scaling laws are used to gain further
insight in the underlying physical processes. Application of our models to the Moroccan Atlas mountains
region shows that the combination of these two styles of EDC can reproduce many of the observations
from the Atlas mountains, including two distinct periods of Cenozoic volcanism, a semicontinuous corridor
of thinned lithosphere under the Atlas mountains, and piecewise delamination of the lithosphere. A very
good match between observations and numerical models is found for the lithosphere thicknesses across
the study area, amounts of melts produced, and the length of the quiet gap in between volcanic episodes
show quantitative match to observations.

1. Introduction

Edge-driven convection (EDC) is a term coined for convection patterns forming at locations of significant litho-
sphere thickness gradients, e.g., craton edges. First described as a craton edge flow instability by Elder [1976]
in his laboratory experiments, EDC has since been studied by numerical experiments [e.g., King and Anderson,
1995, 1998]. Two styles of EDC can be distinguished, termed here as EDC sensu stricto (EDC s.s.) and EDC with
shear (EDC w.s.). EDC s.s. is dominated by cold downward flow caused by the relatively cold sloping boundary
(the edge) of the thicker lithosphere cooling the sublithospheric mantle next to it (Figure 1a). EDC w.s. is
caused by horizontal flow from below the thicker lithosphere to the direction of the thinner lithosphere, as a
consequence of a long wavelength horizontal temperature difference between the mantle underneath the
thicker lithosphere and the thinner lithosphere. The shear caused by this large scale flow induces a small sec-
ondary convection cell in the corner between the thicker and thinner lithospheres (Figure 1b).

The upward flow, inherently present in both styles of EDC, is a potential cause for decompression mantle
melting and dynamic topography effects. Consequently, EDC has been proposed in many locations where
there is a clear lithosphere gradient present. For example, EDC has been suggested to be the cause for the
African and South American intraplate volcanism [King, 2000], the high topography and volcanism sur-
rounding the Colorado plateau in southwestern United States [van Wijk et al., 2010], the seismic structure of
the mantle and increased heat flow in the Canadian Cordillera [Hardebol et al., 2012], and the alternating
low-high-low topography of the Bermuda Rise in the western Atlantic [Shahnas and Russell, 2004]. Generally,
EDC can be expected to be present where two lithospheric domains of different thicknesses meet. These
thicknesses often reflect the different tectonothermal ages of the lithospheric terranes, and, for conven-
ience, we shall refer to these domains as protons and tectons [Griffin et al., 2003; Janse, 1994], where proton
refers to the thicker, more viscous, lithosphere being older than Neoproterozoic in age, and tecton refers to
the thinner lithosphere.

The inherent differences between the two styles of EDC (Figure 1) have been given little attention, and
many studies either assume EDC s.s. or do not explicitly mention which style of EDC they have intended to
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study. As noted by King and Anderson
[1998], EDC s.s. is very sensitive to
long wavelength mantle temperature
perturbations and there seems to be a
continuum from EDC s.s. to EDC w.s.: if
the temperature difference between
sublithospheric mantles of the proton
and tecton exceeds 0.1 to 1 %, the
EDC s.s. is overruled by the large scale
flow and can even switch to EDC w.s.
The difference in sublithospheric man-
tle temperatures could be caused by
large-scale mantle flow patterns (e.g.,
mantle plumes), and can also be trig-
gered by the thermal insulating effect
of the thick lithosphere above [e.g.,
Gurnis, 1988].

Additionally, EDC s.s. is sensitive to rel-
ative velocity of the lithosphere and
the asthenosphere. Plate movements,
relative to the asthenosphere below,
exceeding 1 cm/yr can suppress the
EDC s.s. [King and Anderson, 1998],
and, depending on the direction of
the plate movement relative to the
thickness gradient, cause convection
similar to EDC w.s., also referred to as
shear-driven upwelling [Conrad et al.,
2010].

The convection cell caused by EDC s.s. dominates a large portion of the upper mantle height (�300–
500 km diameter) [e.g., van Wijk et al., 2010; King, 2000]. Much smaller convection cell sizes are observed in
the case of EDC w.s., usually in the order of 150–200 km, as shown by King and Anderson [1998]. In this
respect, EDC s.s. is a viable mechanism to explain observations spanning many hundreds of kilometers in
horizontal direction, e.g., the aforementioned high topography of the Western Atlantic, spanning over
1000 km in width [Shahnas and Russell, 2004]. However, due to its large convection cell size, EDC s.s. (in the
sense of King and Anderson [1995]) is hardly able to produce very local effects, such as those observed in
NW African Atlas mountains in Morocco: Here intraplate orogeny close to the West African craton edge is
associated with Cenozoic volcanism and localized strong thinning of the lithosphere along the craton edge.
Missenard and Cadoux [2012] were first to suggest the existence of EDC under the Atlas mountains. Due to
strong lithospheric thickness gradient in this area, it is an ideal location for an EDC to take place. As the
thinned, narrow lithospheric corridor is very close to the craton edge, it is more probably caused by the
EDC w.s. rather than EDC s.s.

We have studied the features of combined EDC w.s. and EDC s.s. using numerical models and applied those
to the Moroccan Atlas mountains to test the hypothesis of EDC in this area.

1.1. Cenozoic Volcanism in the Moroccan Atlas Mountains
The Moroccan Atlas mountains (High and Middle Atlas) are an intraplate orogeny, uplifted in the Cenozoic
by combination of lithospheric thinning and crustal shortening [Missenard et al., 2006]. They are formed as
tectonically inverted basins, deformed along the inherited zones of weaknesses that were created during
the opening of the Atlantic ocean in the late Triassic to early Jurassic [Frizon de Lamotte et al., 2000, and
references therein]. The amount of shortening in Atlas mountains is modest (15–30% for the High Atlas and
10 % for the Middle Atlas) [Beauchamp et al., 1999; Teixell et al., 2003; Gomez et al., 1998; Teixell et al., 2009]
and it has been suggested that lithospheric thinning is responsible for one third of the elevation in western

Figure 1. Two styles of edge-driven convection. (a) EDC sensu stricto, where the
boundary of the cold thick lithosphere on the left (the proton or archon) cools
down the asthenosphere next to it. This leads to downwellings at the edge and a
return flow further away underneath the thinner lithosphere (or tecton) on the
right. (b) EDC with shear, where the higher than horizontal average temperature
below the proton leads to horizontal mantle flow to underneath the tecton, and
causes a small convection cell to form next to the edge.
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high Atlas, most of the elevation in Anti-Atlas, and about half of the elevation in the central High Atlas and
middle Atlas [Missenard et al., 2006, see also Miller and Becker, 2014]. To the south and southeast of the Atlas
mountain chain lies the West African Craton and Saharan platform [Piqu�e et al., 2002].

The Atlas mountains region has experienced widespread volcanism in the Cenozoic (Figure 2). The volca-
nism can be roughly divided into two phases [Missenard and Cadoux, 2012]: the first pulse of volcanism
started in the beginning of the Cenozoic and the second, more voluminous phase, at about 11 Ma in the
Miocene. These were separated by about a 20 Myrs gap in which no volcanic activity took place. The volca-
nism shows an alkaline intraplate chemical affinity [Mokhtari and Velde, 1988; Rachdi et al., 1997; El Azzouzi
et al., 2010, 1999; Wagner et al., 2003], except for the three provinces in the North, closest to the Mediterra-
nean Sea (Figure 2), which are calc-alkaline to alkaline and related also to the Rif subduction system [Coulon
et al., 2002; Maury et al., 2000].

An anomalously thin lithosphere exists beneath the Atlas mountains as a semicontinuous zone from the
Atlantic margin to the Africa-Eurasia plate boundary in the northeast, named the ‘‘Moroccan Hot Line’’ [Fri-
zon de Lamotte et al., 2009] and situated beneath most of the Cenozoic volcanic provinces of the region.
The width of this zone varies from 200 to 500 km and the lithosphere thickness is 60 to 90 km according to
geopotential field studies [Fullea et al., 2010; Missenard et al., 2006]. Seismic studies also show thin litho-
sphere in this area with high Sn attenuation and low Pn velocities, some suggesting lithosphere-
asthenosphere boundaries as shallow as 50 km [Palomeras et al., 2014; Seber et al., 1996; Calvert et al., 2000].
S/SKS splitting shows localized asthenospheric flow in the Middle Atlas and Central High Atlas parallel to
the trend of the mountain chains [Miller et al., 2013]. The thinning has been attributed to delamination of
the Atlas mountain root [Duggen, 2005; Bezada et al., 2014; Ramdani, 1998] and edge-driven convection
[Missenard and Cadoux, 2012]. The observation that the Cenozoic volcanism of the region is similar in com-
position to the plume derived volcanism at the Canary Islands [Duggen et al., 2009] has led to the proposi-
tion that the thinned zone acts as a corridor for the hot plume material, causing the volcanism in the Atlas
region.

2. Methods

To model the EDC we solve the nondimensional equations of conservation of mass, momentum, and
energy using finite element mantle convection code Citcom [Moresi and Gurnis, 1996; Zhong et al., 2000].

Figure 2. The topography of the Moroccan Atlas mountains (background map, NASA Shuttle Radar Topography Mission [Farr et al., 2007])
overlaid by the Cenozoic alkaline volcanic provinces (in red, from Missenard and Cadoux [2012]). The three volcanic provinces in the North
(transparent color) have transitional calc-alkaline to alkaline chemical affinity and are partly related to the Rif subduction system. Black con-
tour lines delineate the area of thinned lithosphere, where Vp velocities at 50 km depth are slower by 1% (dashed line) or 2 % (solid line)
[from Bezada et al., 2014].
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The effects of shear heating, adiabatic
heating, and latent heat of melting are
accounted for via the extended Boussinesq
approximation [Christensen and Yuen,
1985]. The models consist of 3960 km (x
3960 km) x 660 km domain (x-z in 2-D and
x-y-z in 3-D case) representing upper man-
tle and crust. An area of high lithosphere
thickness is imposed with an artificially
high (100 times larger) viscosity block on
the left of the model domain, from x50km
to x5990km, extending to depth of
z5200km, representing the more viscous
cratonic lithosphere, the proton. The tec-
ton with thin lithosphere has normal man-

tle viscosity. The initial thermal structure (thickness) of the lithosphere is the steady state thickness, attained
after prolonged model run time prior to examination of EDC related processes (see also discussion in 4.2.).
The steady state is defined to be reached when the average lithosphere thickness grows by less than 0.1% in
one million years. This test for steady state is performed on each of the models separately so that each model
with different parameters has its own initial temperature field consistent with the imposed parameters.

We have imposed closed free-slip stress boundary conditions at each boundary and zero heat flow at each
boundary except for the surface for which T50�C. To maintain a stable realistic mantle potential tempera-
ture without additional heating from the bottom boundary, we have increased the radiogenic heating val-
ues of the mantle (Table 1) to between 1.5 and 3.7 times higher than the modern-day mantle values
(7:38310212 W kg21) [Schubert et al., 2001]. The advantage of using internal heating to maintain the model
temperature instead of bottom heating is that the rate of thermal plume generation at the transition zone is
greatly diminished. This helps in identifying the thermal anomalies at lithosphere-asthenosphere boundary
caused by EDC alone. The higher values of radiogenic heating can also be used to reflect the style of EDC in
the early Earth.

We have incorporated the hydrous peridotite melting parameterization of Katz et al. [2003] to study the
amounts of melts produced by the EDC. The compositional fields (water content and depletion) are
advected using a marker-in-cell method [e.g., Gerya and Yuen, 2003] with a second order Runge-Kutta
scheme. The amount of melting in each marker is calculated each time step, and any melt produced is
removed assuming instantaneous percolation to the surface. The amount of water removed with the melts
is calculated assuming batch melting and water incompatibility with bulk partition coefficient of D 5 0.01.
After melting, the depletion value F%5100F of each marker is adjusted. The depletion affects the buoyancy
of the mantle using the following parameterization:

d ln q
dF%

520:00020 (1)

from Schutt and Lesher [2006], which is applicable at pressures of about 3 GPa.

Linear, temperature and pressure dependent viscosity parameterization for olivine rheology [Karato and
Wu, 1993] is applied:

gdry5g0 exp
E1PV
RTabs

� �
exp 2

E1P0V
RTabs;0

� �
; (2)

where E and V are the activation energy and volume, respectively, R is the gas constant, Tabs is the absolute
temperature, and P the pressure (see Table 1 for values.) Tabs;0 and P0 are the reference temperature and
pressure in which conditions the viscosity has the reference value g0. Because adiabatic heating has been
used, there is no single location in the model domain where T5T0 and P5P0, and thus g0 does not repre-
sent mantle viscosity directly at any particular location.

Reduced values for activation energy E have been used to ‘‘mimic’’ the behavior of nonlinear rheology at
the shallow level of the mantle, the lithosphere-asthenosphere boundary. This circumvents the added

Table 1. Model Input Parameters Used

Parameter Symbol and Units Value(s) Used

Water content XH2 O , ppm wt 100, 200, 300, 400
Activation energy E, kJ mol21, 120, 150, 180,

210, 240, 270
Radiogenic heating Q, 102123W kg21 12, 19, 27
Activation volume V, m3 mol21 631026

Reference temperature Tabs;0, K 1623
Reference pressure P0, Pa 21:43109

(660 km depth)
Reference viscosity g0, Pa s 1024

Reference density q0, kg m23 3300
Thermal diffusivity j, m2 s21 1026

Latent heat of melting L, kJ kg21 560
Coefficient of thermal expansion a, K21 3:531025
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complexity of finding suitable rheology parameters for a long-term steady state model in a nonlinear viscos-
ity case. The initial conditions for nonlinear rheology models of small-scale convection are even more critical
than those of linear rheology models [Sleep, 2007]. As shown by Christensen [1984], multiplying the activa-
tion enthalpy (H5E1PV) value of the Newtonian rheology formulation by a factor of b < 1 produces similar
steady state convection patterns than a nonlinear rheology with normal activation enthalpy. The exact
value of b depends on the ratio of E and V. In a temperature dominated rheology (high E/V), such as ours,
Christensen [1984] suggests that b50:3 . . . 0:5 would be a suitable value. Furthermore, van Hunen et al.
[2005] have shown that lowering the activation energy from 360 to 120 kJ mol21 in a Newtonian rheology
increases the thermomechanical erosion of the lithosphere and causes thermal boundary layer instability
similar to non-Newtonian (n 5 3.5, E5540 kJ mol21) rheology. In our parameter study we have used low val-
ues for the activation energy but varied them to study the effect of rheology on EDC dynamics (Table 1).

To account for the viscosity lowering effect of water, we use a water weakening parameterization

ghydrous5Wgdry ; W5100
2XH2 O

XH2 O1a ; (3)

as used by Kaislaniemi et al. [2014]. XH2 O is the water content (wt ppm), and a (wt ppm) is a parameter con-
trolling the sensitivity of water weakening (i.e., how large XH2O needs to be to decrease viscosity by one
order of magnitude). This parameterization conforms to the boundary conditions set by experimental
results [Kohlstedt et al., 1995; Hirth and Kohlstedt, 1996; Mei and Kohlstedt, 2000; Bai and Kohlstedt, 1992]: vis-
cosity is inversely proportional to the water fugacity, and, at low water contents, water fugacity is propor-
tional to the water content, i.e., g / C2r

OH , where COH is the water (hydroxyl ion) concentration in olivine, and
r is a constant close to one. Also, there should be a maximum limit for the weakening. Karato [2010] reports
maximum viscosity weakening by water of four orders of magnitude, whereas Fei et al. [2013] reports maxi-
mum weakening by less than 1 order of magnitude. We use a commonly used value from Hirth and Kohl-
stedt [1996] who report maximum weakening of about two orders of magnitude. Our parameterization
asymptotically approaches this value as water content increases. The water weakening parameterization
used here has an additional advantage that it allows the water content to approach zero during melt
removal, while still producing finite viscosity estimations values.

The lower end of the used water content values represent asthenospheric background concentrations, i.e.,
those present in mid-oceanic ridge basalt source mantle (�120 wt ppm) Dixon et al. [2004]. High water con-
tent values are used to test the effect of mantle hydration on edge-driven convection in scenarios where
the edge is situated near to a source of water, e.g., a recent subduction zone.

The amount of melting (volcanism) is calculated by assuming that all melt percolates instantly to the sur-
face. The amount of uplift is estimated by calculating the corresponding layer thickness (with q52800 kg
m3) needed to compensate the vertical stress at the upper boundary of the model.

Detailed methodology is available as supporting information.

3. Results

3.1. General Convection Patterns of the EDC
An edge-driven convection pattern forms at the transition from the thin tecton lithosphere to the thicker
proton lithosphere (Figure 3). The style of the convection periodically changes from what looks like EDC s.s.
(Figure 3a), but with a smaller convection cell size, to purely EDC w.s. style convection (Figure 3b) where the
horizontal flow completely overrules the downwelling cold flow. This competition between horizontal flow
and the cold downwelling produces periodic behavior in the flow. The horizontal flow is initially caused by
the insulating effect of the thicker proton lithosphere, which keeps the mantle below the proton warmer
than elsewhere. Once the horizontal flow is formed it causes a large-scale convection cell and a return flow
to below the proton in the lower part of the upper mantle, which maintains the flow induced by continental
insulation.

In the EDC convection cell the upwelling mantle material erodes the bottom of the lithosphere. Upwellings
also make decompression melting possible. Where any melts are removed, a layer of depleted material (in
black in Figure 3) is left behind. This drier (more viscous) and depleted (more buoyant) material tends to
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stick to the bottom of the lithosphere, from where it and pieces of lithosphere are later being partly delami-
nated by the erosional effect of the EDC convection cell (Figure 4).

3.2. Parameter Study Results
The chosen model input parameters (Table 1) result in models with a range of different mantle potential
temperatures (129021472�C) and different average (statistically steady state) lithospheric thicknesses
(1250�C isotherm at hte5962184km and hpr51582206km for tecton and proton lithospheres, respectively).
The EDC convection pattern is present in all of the models. The horizontal potential temperature differences
between the sublithospheric mantles of the tecton and the proton, DTpr=te, range between 8261�C. The
amount of lithospheric thinning, Dhed (see Figure 1a), which is the difference between the tecton litho-
sphere thickness (hte) and the thickness (hed) at the thinnest part of lithosphere next to the proton-tecton
edge, ranges between 11 and 51 km. The horizontal width of this thinned region is about 200 km.

Models show very clear pulsating nature in the EDC. This is evident as periodic uplift, lithospheric thinning/
thickening, and magmatism at the edge (Figure 5), and from the convection patterns (Figure 3).

The periodicity of the melting varies between 14 and 26 Myrs among the models and is negatively corre-
lated with the root mean square velocity of the model domain (Figure 6b). The periodicity of the lithosphere
erosion has a larger variability among the models, but show similar trends to the melting periodicity, and
often even equal periods as well. A correlation between the root mean square velocity and the model aver-
age mantle potential temperature and water contents can be found empirically (Figure 6d). Thus, the peri-
ods of uplift rate and melting (Figure 6b) negatively correlate with mantle potential temperature and water
contents.

The amount of lithospheric thinning above the EDC convection cell is related to the activation energy of
the viscosity parameterization (Figure 6a) and lithosphere thickness difference across the edge (Figure 6c).
However, once melts are produced in the upper part of the EDC convection cell, the more viscous, slightly
buoyant and colder depleted material gathers in the eroded lithosphere pocket (see Figure 3) and rethick-
ens the lithosphere (i.e., reduces Dhed), as is evident from Figure 6a for models where magmatism >0
m Myr21.

The effect of lithosphere thickness difference across the edge on the amount of lithospheric thinning at the
edge is clearest with relatively cold models (Figure 6c). Models with high potential temperature (and thus
also with lowest viscosities) show little variation in the amount of thinning and the thinning in these models
is generally minor. However, because of high temperatures, not so much thinning is required to allow the

Figure 3. Two end-members of the EDC: downwelling dominated (above, similar to EDC s.s.) and upwelling dominated (below, EDC with
shear), occurring in same model but separated by about 13 Myrs. Regions of melting depleted mantle in black. The shaded profile on the
right in the upper figure shows the range of horizontal average viscosity values of the tecton domain in all of the 2-D models.
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asthenospheric flow cross the solidus and melt. The three separate groups are formed by different internal
heating values, and the negative trends within these groups are formed by the variation of the activation
energy E (lowest values producing thinnest tecton thicknesses).

The amount of melt produced by EDC is mainly a function of the tecton lithosphere thickness. This tecton
lithosphere thickness, on the other hand, depends on the effective average viscosity of the mantle, or, in
other words, mantle potential temperature, mantle water contents, and mantle’s rheological activation

Figure 5. The history of uplift and magmatism in two of the models, discussed in relation to the Moroccan Atlas mountains (section 4.1).
Values are measured at the location of maximum lithospheric thinning (Dhed ) near the edge. Models not plotted here show varying
amounts of correlation between these periods (see Figure 6b), but all show that the change in the lithosphere thickness systematically pre-
cedes the maximum of the magmatism. The models shown here are marked with circles in all plots in Figure 6. Models have following
parameters: (a) XH2 O5200ppm;Q519310212Wkg21; E5120kJmol21, (b) same as Figure 5a but with XH2 O5400ppm. Resulting tempera-
tures are: (a) Tpot51388�C;DTpot;pr=te541�C, (b) Tpot51358�C;DTpot;pr=te525�C.

Figure 4. Temperature and depletion field in detail near the edge. Depleted material (in black) forms after decompression melting at the
upper part of the EDC convection cell (‘‘A’’). It then sticks to the bottom of the lithosphere where it is being dragged horizontally by the
asthenospheric flow. The shear caused by the EDC convection cell delaminates pieces of lithosphere together with depleted material (‘‘B’’).
Relatively cold delaminated pieces with depleted material in them can sink deep into the mantle (‘‘C’’) before being mechanically mixed
with rest of the mantle by the background mantle flow. For comparison to tomography results, see section 4.1.
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energy. A negative correlation is found between amount of lithosphere thinning by EDC (Dhed) and amount
of melt produced (Figure 6a). This counter-intuitive relationship is caused by two factors: 1) models with
thin average tecton lithosphere cannot produce much more thinning via EDC as the thinning is even more
effectively balanced by conductive cooling of the lithosphere; 2) melting consumes heat, cooling down the
mantle, and produces high viscosity, slightly lower temperature depleted layer in the thinned lithosphere
pocket, increasing the apparent thickness of the lithosphere (cf. Figure 6a). Amounts of melt produced (if

Figure 6. Parameter study results from the 2-D models. (a) The negative correlation between the activation energy value in the viscosity parameterization and the produced lithosphere
thinning near the edge. Models where melts are produced start to deviate from the linear relationship as the melt residue at the top of the EDC convection cell decreases the thermal litho-
sphere thickness. Models with low water contents produce generally less thinning. (b) Relationship between the model root mean square velocity and the period of melting events or litho-
sphere thickness variation near the edge. Dashed lines connect models with same set of input parameters. Note that the melting period has been only plotted for models where melts are
produced. There are eight models in which lithospheric erosion period is either nonexistent or too long to be determined within the 150 Myrs model run time. (c) Amount of lithosphere
thinning near the edge as a function of proton and tecton lithosphere thicknesses and average mantle potential temperature. Error bars show the variation (standard deviation) in the litho-
sphere thicknesses. Isolines of lithosphere thickness difference (proton-tecton) has been plotted in the background. (d) Model data points and best empirical fit of model root mean square
velocity as a function of mantle potential temperature and water content. The linear relationship is good and indicates that horizontal axis in Figure 6b could be expressed also in terms of
potential temperature and water content. (a–d) Circled models are those shown in Figure 5 and discussed in Discussion in relation to the Moroccan Atlas mountains.
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produced at all) vary between zero and 60 m Myr21 (average over 150 Myrs model time) for lithosphere
average thinning amounts of about 40 to 20 km, respectively. If restricted to models with reasonable poten-
tial temperatures for today’s Earth (1300–1400�C), amounts of melting and lithosphere thinning vary much
less (5–20 m Myr21, 30 to 36 km, respectively).

3.3. Three-Dimensional Structure of EDC
Results from a 3-D model show the presence of the EDC but in addition indicates that the flow produced by
the horizontal sublithospheric temperature difference produces convection rolls under the thinner tecton
lithosphere with their axes perpendicular to the edge of the two lithospheric domains (Figure 7). In these
rolls there is upflow on one side and downflow on the other side, while the overall flow is dominated by
the horizontal sublithospheric flow. The horizontal flow is oriented away from the thicker proton lithosphere
as in the 2D case, but there is also, especially near the edge, a significant horizontal velocity component par-
allel to the proton edge. This velocity component forms the upper part of the convection rolls or tubes that
shape the lithosphere bottom. The existence of these rolls also affects the properties of the EDC along the
edge. EDC is present in the middle of these rolls whereas in between the rolls the downwelling ridges effec-
tively prohibits the formation of lithosphere erosion by EDC. This causes the melting regions of the EDC to
be split into separate pockets along the edge.

4. Discussion

The style of the edge-driven convection shown in the results differs from the style envisaged by most previ-
ous studies on EDC. The cold downwelling at the edge of the lithosphere thickness gradient dominates the
EDC sensu stricto, whereas in the results shown here the flow is governed by cold downwellings and hot
upwellings in turns, resulting in the periodic nature of the EDC where EDC s.s. and EDC with shear alternate.
For EDC w.s. to take place, higher sublithospheric mantle temperatures are needed beneath the thicker
(proton) lithosphere. The horizontal temperature difference is modest, from 0.5 to 4% of the mantle poten-
tial temperature. This is in range of values found to be produced by continental insulation [Heron and Low-
man, 2014]. Although it is unclear whether this amount of excess heat can account for supercontinent
dispersion, our results show that even modest effect of insulation may change the mantle dynamics at the
edge of the thick lithosphere. In our models the thicker lithosphere covers 25 % of the surface area, or,
assuming symmetricity over z axis, represents a craton of 2000 km in width. This surface coverage is at

Figure 7. Three-dimensional structure of the EDC. The bottom of the lithosphere (1200�C isotherm) is shown in green. Dark red shows
areas of active melting. Arrows show the velocity field at depth z5145 km, colors of the arrows indicating the velocity’s z component. The
edge-parallel flow (see text for discussion) can be seen near the melting pockets. Used model parameters are E5150 kJ mol21, Q5193

10212 W kg21, XH2 O5300 ppm.
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lower end of the scale used by Heron and Lowman [2014]. Larger coverage, with higher horizontal tempera-
ture difference, might have a strengthening effect on the EDC w.s.

We found a negative correlation between Vrms and DTpot;pr=te , which, although weaker than that found by
Heron and Lowman [2014], is consistent with their observation that ‘‘the influence of continental insulation
is seen to decrease as the vigor of convection is increased.’’ The weakness of the correlation in our results is
probably due to the other factors being varied in the input parameters (changes in viscous activation
energy and water contents affecting effective viscosity).

A flow field similar to EDC w.s. could be produced by combination of purely downwelling driven EDC (EDC
s.s.) combined with lithospheric plate movement relative to the underlying mantle (i.e., lithosphere moving
to the left in Figure 1b) [cf. Conrad et al., 2010]. In this case no horizontal temperature difference (continen-
tal insulation) would be needed. However, in case of the Moroccan Atlas mountains (see below), this sce-
nario is unlikely as the African plate has been moving (in fixed hotspot reference frame) more or less
parallel to the craton edge [Morgan and Morgan, 2007].

Some of the models result in mantle potential temperatures that exceed values generally accepted for
today’s Earth. These results can be used to reflect the EDC process to earlier times in Earth’s history or in a
vicinity of a thermal anomaly in the modern Earth’s mantle. Consistent with the negative correlation
between Vrms and DTpot;pr=te, the models with higher temperatures (and thus, generally higher Vrms) show
smaller amounts of lithospheric erosion due to EDC (Figure 6c). Largest amount of lithospheric thinning is
produced in the colder models, although these often show exceptionally high (tecton) lithospheric thick-
nesses. For EDC to be most effective in lithospheric thinning, a low value of viscous activation energy is
needed (‘‘mimicking’’ nonlinear rheology, see Methods). Using low values of activation energy thickens the
rheological transition layer between asthenosphere and lithosphere, making the lithosphere-asthenosphere
viscosity change more gradual and thus allowing easier erosion into this boundary layer (see discussion in
4.2. below).

No model with the smallest amount of water (100 ppm) produced melting (see Figure 6a), but models with
200 ppm or more water produce significant amounts of melting, suggesting that there is a rather abrupt
change from no-melting domain to melt producing domain. This is due to the effect of water which lowers
the mantle solidus but also enhances the lithosphere thinning near the edge via the exponential effect on
mantle viscosity. A threshold for melting caused by the mantle water contents could also explain why volca-
nism by edge-driven convection is not a global phenomenon: mantle regions close to recent subduction
zones might be slightly more hydrated than those far away, e.g., passive margins.

4.1. Application to Moroccan Atlas Mountains and the 3-D Structure
The results support the hypothesis that the Cenozoic magmatism and related uplift in the Moroccan Atlas
mountains has been produced by edge-driven convection [Missenard and Cadoux, 2012]. It seems plausible
that the style of EDC operating at the West African craton boundary is a combination of EDC sensu stricto
and EDC with shear. These conclusions are supported by the following observations:

1) Estimated lithospheric thicknesses at the Atlas mountains area are: northwestern domain (Moroccan
Meseta) 100–120 km, the craton side of the Atlas mountains about 180 km, and the lithosphere underneath
the Atlas mountains about 80 km [Teixell et al., 2005]. This combination of lithospheric thicknesses (proton
�180 km, tecton �110–120 km) and erosion (30–40 km) can be found among the models. (These two mod-
els are circled in all panels in Figure 6 and used to plot Figure 5. Parameters for these models can be found
in the caption of Figure 5). This thinned part of the lithosphere in the middle varies in width between 300
and 400 km, compatible with results shown here (cf. Figure 3a). It is noteworthy that no tecton lithospheric
thicknesses were imposed in any of the models, and that they and the amount of lithospheric thinning are
purely functions of imposed parameters XH2O, Q and E.

2) The eruption rates in the volcanic provinces of the Atlas mountains vary between 1 and 30 m Myr21 (total
volume over covered area and duration of volcanism) during the volcanic phases [Missenard and Cadoux,
2012]. Results here show magmatic production rates up to 60 m Myr21 averaged over the total model time
(including nonvolcanic periods). The two models with compatible lithosphere thicknesses (point one above)
show magmatic production rates of about 35 and 40–60 m Myr21 during the volcanic phases. Even if not all
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of the mantle magmatism erupt at the surface, the volumes produced are compatible with those observed
in the field.

3) The periodicity of the mantle magmatism varies between 14 and 26 Myrs. For the two example models
discussed the periods are 26 and 17 Myrs. These periods match well with the duration of the �20 Myrs
quiet gap between the volcanic episodes in the Atlas mountains [Missenard and Cadoux, 2012]. Missenard
and Cadoux [2012] suggest this quiet gap is caused by the changes in the velocity of the African plate, but
our results show that such episodicity is an inherent feature in the EDC w.s. and can be explained without
external forcing from plate movements. Observations from duration of only one such volcanic period does
not provide enough data to determine with certainty mechanisms responsible for it.

4) The three-dimensional structure of the EDC (Figure 7) shows that along the edge lithospheric erosion is
not a continuous feature, but that the eroded ‘‘melting pockets’’ are separated by ridges of thicker litho-
sphere. This structure corresponds well to the tomographic results from the Atlas area [Bezada et al., 2014]
(see Figure 2) that shows distinct areas of thinning along the Atlas mountains axis (the Western High Atlas,
the Central High Atlas and the Middle Atlas). Distinct areas of thinning under Central High Atlas and Middle
Atlas are also observable from the geophysical models of Fullea et al. [2010] (based on elevation, gravity,
surface heat flow, and geoid height data). The nonexistence of single continuous thinned area under the
Atlas mountains casts doubt on the hypothesis of a lithospheric corridor where the material of the Canarian
mantle plume would flow northeast, as proposed by Duggen et al. [2009] on the basis of similar geochemis-
try of the volcanic rocks in the Atlas mountains region and the Canary island. However, the existence of a
nearby plume could contribute to the decompression melting in the EDC by bringing in more fertile mantle
material and more heat.

5) Based on their tomography results, Bezada et al. [2014] have suggested that the lithosphere underneath
the Atlas mountains has experienced piecewise delamination. A fast Vp anomaly is located at 400 km depth
in between the High and Middle Atlas, thought to represent a piece of delaminated lithosphere. Our models
show that pieces of cold lithosphere with depleted asthenosphere incorporated in it can indeed be delami-
nated and brought into relatively deep mantle levels of 300–400 km (see Figure 4). The episodicity of the
EDC w.s. can explain how the delamination under the Atlas mountains can take place piecewise. While our
models utilize linear rheology parameterization, it is possible that a nonlinear rheology can produce
avalanche-like behavior, where the erosion and delamination of the lithosphere is more punctuated than in
linear rheology models [van Hunen et al., 2005].

The existence of partial melts in the melting pockets near the edge might also explain why the tomographic
and gravity studies on lithosphere thickness in Atlas area generally agree but show small discrepancies in
the absolute values of the lithosphere thickness [Palomeras et al., 2014]: The partial melts (and depleted
asthenospheric material) might have effects of different scale on seismic velocities and on gravity field, hav-
ing especially strong effect on seismic S velocities. Observations of seismic S/SKS velocity splitting [Miller
et al., 2013], aligned parallel to the lithospheric edge and the Atlas mountains, can be understood if
regarded as manifestation of the horizontal flow present in the upper part of the convection rolls shown in
the three-dimensional EDC model (Figure 7).

The tearing of the Betic-Alboran slab along the northern edge of the African plate from the Middle Miocene
onward [Thurner et al., 2014; Spakman and Wortel, 2004] may have contributed to the second, stronger
pulse of the volcanism in the Atlas mountains. By allowing flow of hydrous mantle material from the over-
riding plate side of the subduction to the Atlas mountains area it could have enhanced the edge-driven
convection, lithosphere erosion and melting.

4.2. Relations to Steady State Stagnant-Lid Convection Scaling Laws
Paying attention to the initial conditions of edge-driven convection models has been shown to be impor-
tant [Sleep, 2007]. Models with laterally homogeneous lithosphere thicknesses can cause instabilities of simi-
lar magnitude as those caused by thickness variation in the lithosphere if unrealistic initial conditions are
applied. Initial conditions have to provide a mature stagnant-lid convection regime before edge-driven con-
vection processes are examined, so that the thickness of the thermal boundary layer below the lithosphere
is in a statistical steady state condition. An unrealistically thick thermal boundary layer drives excess subli-
thospheric small-scale convection (effectively a collapse of this overthickened lithosphere), which could be
mistaken for an instability caused by the edge in the lithosphere.
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Because the effective viscosity (water content) and the activation energy in our viscosity parameterization
(controlling the thermal boundary layer thickness) are varied, we ensure that the rheology used in the mod-
els with different parameters produces steady state stagnant lid convection. Test models with the same rhe-
ology as in the edge-driven convection models but with no imposed high-viscosity block (i.e., a laterally
homogeneous lithosphere) has been run and resulting steady state heat flow compared to expected heat
flow for stagnant-lid convection. The steady state heat flow to the bottom of the continental lithosphere
and, in the absence of radiogenic heating, at the surface of the lithosphere has been suggested to scale as

qss5CqkT 4=3
g

qga
jgH

� �1=3

; (4)

where Cq is a constant with value � 0:47, k is heat conductivity, Tg is a material property telling the temper-
ature decrease needed to increase the viscosity by a factor of e, and gH is the viscosity of the adiabatic half-
space [Sleep, 2011; Davaille and Jaupart, 1993a, 1993b]. This scaling is for bottom-heated convection. Our
models are internally heated, so we modify the equation to account for the heat flow component generated
within the conductive lithosphere:

qss;h5CqkT 4=3
g

qga
jgH

� �1=3

1QqhL; (5)

where hL is the thickness of the stagnant lid, defined as the upper part of the model where average veloc-
ities are less than 0.01% of the maximum velocity within the whole model.

Our test models produce a good fit with the steady state stagnant lid heat flow (black line in Figure 8)
although with different value of constant Cq and an intercept point of vertical axis different from zero. These
discrepancies are largely explained by the effect of radiogenic heating within the lithosphere: if radiogenic
heating within the lithosphere is reduced from the measured surface heat flow values, i.e., equation (5) is
applied, a slope much closer to Cq50:47 is found and the intercept with vertical axis is close to zero (red in
Figure 8). The (thinner) tecton side of the actual edge-driven convection models are thus in a steady state
stagnant lid convection regime at their initial stages and any additional instabilities are produced by the
imposed edge in the lithosphere. Additionally, it can be concluded, that internally heated models of
stagnant-lid convection adhere to the same scaling law as bottom-heated models.

Melting during the model run changes the amount of water, and thus viscosity, and buoyancy of the mantle
via equations (1) and (3). This changes the values of q and Tg and/or gH in equations (4) and (5). As the
degree of melting and total depletion in the models turns out to be small and buoyancy is only linearly
dependent on the depletion, the effect on buoyancy/density is small. However, the effect of depletion on
viscosity is large, because the viscosity is inversely dependent on water content, which in turn has an expo-
nential dependence on depletion. Viscosity increase caused by depletion is typically a factor of 2 to 5 in the
models (locally). If depleted material remains in the convecting asthenosphere, gH is affected, but the vis-
cosity difference is quickly diluted via mechanical mixing, and the exponent 1

3 in equation (4) makes the
change in gH to contribute to qss only in minor amounts. If, however, depleted material stays part of the
lithosphere at its bottom, the effective value of Tg at the depleted region is decreased, as compositional vis-
cosity increase replaces some of the temperature change needed to increase the viscosity. From scaling
relationships given by Sleep [2007], the value of Tg can be related to the thickness DZrheo of the thermal
boundary layer that participates in the sublithospheric small-scale convection:

DZrheo / T
21

3
g : (6)

This relationship becomes almost linear in the range of interest (50 < Tg < 150K). As the erosion and accre-
tion of the thermal boundary layer produces most of the lithosphere thickness variation measured in the
models, we can locally, next to the lithosphere edge, relate DZrheo / Dhed, with negative proportionality
constant. Thus

Dhed / T
21

3
g ; (7)

also with negative proportionality constant. The periodicity seen in the models (Figure 5) can now be
understood as a repetition of following events: (1) Large DZrheo causes enhanced small-scale convection; (2)
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small-scale convection erodes the
thermal boundary layer (DZrheo locally
decreases, Dhed increases); (3) erosion
allows decompression melting and
gathering of depleted material; (4)
more viscous depleted layer sup-
presses convective heating, allows
conductive cooling, and thus an
increase in DZrheo, decrease in Tg, and
decrease in Dhed (7). This leads to 5) a
situation similar to step 1, where the
thermal boundary layer has thickened
under the depleted layer. The
depleted layer will be partially
removed during subsequent litho-
sphere erosion (step 2 above). Similar
chain of events can be recognized in
sublithospheric small-scale
convection [e.g., Kaislaniemi et al.,
2014] where no lithospheric edge is
present. However, the edge in the
lithosphere localizes the instabilities
and allows more pronounced litho-
spheric erosion.

The effect of varying the activation
energy on the amount of lithosphere
thinning Dhed (Figure 6a), can be

understood by examining the effect of E on Tg. The definition of Tg, that decreasing temperature from T2 to
T1 increases viscosity by a factor of e, gives

g0 exp E1PV
RT1

g0 exp E1PV
RT2

5e; (8)

where
Tg5T22T1: (9)

This leads to

Tg5T22
R

E1PV
1T 21

2

� �21

: (10)

Increasing E thus produces decreasing Tg and, by (7), (almost linearly) decreasing Dhed, as in Figure 6a,
where doubling E leads to reduction of Dhed by factor of � 1

3, as shown by (7). Empirically, an inverse propor-
tionality between E and Tg can be found in the range of interest (120kJ � E � 270kJ).

5. Conclusions

Numerical models support the hypothesis that the primary reason for the Cenozoic volcanism and its spatial
and temporal distribution in the Atlas mountains region is the sublithospheric edge-driven convection with
a shearing component induced by continental insulation. These two different styles of edge-driven convec-
tion, alternating in a periodic manner, can explain the volcanism with �20 Myrs quiet gap in the middle
and the piecewise delamination of the lithosphere under the Atlas mountains. The three-dimensional litho-
spheric structure of the Atlas mountains region can be produced by edge-driven convection, causing non-
continuous zone of thinned lithosphere parallel to the mountain chain, with pockets of lithosphere erosion
and associated mantle melting.

Figure 8. Stagnant lid heat flow, from scaling relationship versus measured surface
values from the test models with no imposed lithosphere thickness variation.
Circles represent time averaged values from models with different run parameters.
Solid lines are best fit lines. Error bars show one standard deviation in time averag-
ing. In red is shown the values from which the radiogenic heat production of the
lithosphere (second term on the right in equation (5)) has been reduced. Green
dashed line shows the slope Cq50:47, previously determined for bottom heated
stagnant lid convection.
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