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ABSTRACT

We propose that subducting slabs may cause lithospheric removal by directing mantle
flow along the craton margin. This process could carve and shape the cratons, leading to
conditions that impact the overall (in)stability of the lithosphere. We use three-dimensional
geodynamic models to investigate how subduction-driven directed flow interacts with cratonic
lithosphere of differing shape, concluding that the margin shape controls both channeliza-
tion of flow around the craton as well as the potential for destruction. While the simulations
show that all craton shapes aid in channelization, the cratons with straight vertical margins
are the most resistant to deformation, and the cratons with gradually thickening margins are
less resistant to deformation. The dependence on shape could contribute to the progressive
removal of cratonic lithosphere along its margin in a runaway process until a more stable

vertical margin shape evolves.

INTRODUCTION

Subducting slabs drive large-scale flow pat-
terns in the uppermost mantle that are, at times,
directed along the margins of cratons, creating
the potential for destruction of seemingly inde-
structible lithosphere. For example, the tectonic
setting of the northern margin of both South
America and northwestern Africa place subduct-
ing slabs near cratonic lithosphere (Fig. 1A).
In these regions, mantle flow has been inferred
from joint interpretation of seismic anisot-
ropy observations and geodynamic modeling
(Miller and Becker, 2012; Alpert et al., 2013)
to be directed by the subducted slabs toward
the cratons. Seismic anisotropy inferred from
shear-wave splitting can be used as a constraint
on first-order patterns of mantle convection and
deformational processes within the Earth. Strain
aligns highly anisotropic minerals (e.g., oliv-
ine) in the mantle, which is the primary source
of seismic anisotropy in the mantle (Long and
Becker, 2010). Shear-wave splitting results
(Russo and Silver, 1994; Russo et al., 1996;
Growdon et al., 2009; Masy et al., 2011) for
northern South America have anomalously large
delay times and are oriented parallel to the east-
west—striking plate boundary with the Caribbean
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plate (Fig. 1B). These have been interpreted as
resulting from strong vertical shear due to east-
ward mantle flow coupled with the motion of the
subducted slab, which decreases in magnitude
southward toward the thickest regions of the
Amazonian craton (Miller and Becker, 2012).
In northwestern Africa (Fig. 1C), shear-wave
splitting results (Diaz et al., 2010; Miller et al.,
2013; Diaz and Gallart, 2014) illustrate complex
patterns of mantle flow due to the slab descend-
ing beneath the Gibraltar arc and the position of
the West African craton. Small-amplitude delay
times are found at stations within the craton,
while large-amplitude, similarly aligned split-
ting measurements are present at stations in the
Atlas Mountains (Morocco) on the thinnest con-
tinental lithosphere (Miller et al., 2013, 2015;
Miller and Becker, 2014). In both settings, it
has been suggested that mantle flow is channel-
ized due to the geometry of the subducted slabs
and the cratonic lithosphere (Miller and Becker,
2012, 2014; Alpert et al., 2013).

The craton margins in both settings demon-
strate progressive lithospheric thickening toward
the interior of the craton (see the Supplemental
Material' for the full geometry description). The
northern Amazonian craton thickness increases
through a series of tiers of increasing thickness
(Heintz et al., 2005; Feng et al., 2007; Miller

et al., 2009; Pasyanos et al., 2014; Masy et al.,
2015), whereas the northwestern margin of the
West African craton gently increases in thick-
ness, following a diagonal shape (Fishwick,
2010; Pasyanos et al., 2014; Miller et al., 2015)
(Fig. 1). Seismic images demonstrate that there
is a wide range of craton margin shapes, includ-
ing those mentioned above and ranging to sharp,
vertical edges stepping from average continen-
tal thickness to thick cratonic cores (e.g., Fish-
wick et al., 2008; Bao et al., 2014; Foster et al.,
2014; Miller et al., 2015; Chen et al., 2019).
These craton margin shapes likely influence
channelization of mantle flow, but could also
be indicative of the current and past status of
the craton. The controls on craton margin shape
are not clear, but Currie and van Wijk (2016)
demonstrated that a range of craton shapes can
be maintained over time scales of >100 m.y. or
can be deformed into other shapes depending on
the rheology and composition of the modeled
cratonic lithosphere.

Understanding how cratons are affected
by the flow induced by subducting slabs pro-
vides additional insight into their stability. Can
directed flow erode, thin, and shape the craton
along its edges? How much does the shape of
cratons control deformation and/or mantle flow?
We address these questions using geodynamic
models to investigate the potential for directed
mantle flow to erode craton margins and whether
this flow is dependent on the shape of the craton.

METHOD AND RESULTS
Channelized Flow and Increased Potential
for Deformation

Using the geodynamic code Underworld
(Moresi et al., 2007, 2018; https://www.
underworldcode.org/tag/underworld-code/),
we modeled the instantaneous flow field and
deformation of a mantle, craton, and slab
system for different margin shapes (Fig. 2;

Supplemental Material. Detailed methodology of models and post-processing. Please visit https://doi.org/10.1130/X3X2% to access the supplemental material,

and contact editing@geosociety.org with any questions.

CITATION: Cooper, C.M., Farrington, R.J., and Miller, M.S., 2020, On the destructive tendencies of cratons: Geology, v. 49, p. XXX-XXX, https://doi.org/10.1130/

G48111.1

Geological Society of America | GEOLOGY | Volume XX | Number XX | www.gsapubs.org


http://www.geosociety.org
https://pubs.geoscienceworld.org/geology
http://www.geosociety.org
https://www.underworldcode.org/tag/underworld-code/
https://www.underworldcode.org/tag/underworld-code/
lyohe
Cross-Out

lyohe
Inserted Text
GEOL.S.12964799


100 200 300 400

= [ .

500 5 02 04 06 08 10
Relative thickness crust/lithosphere

50 300 500

2

Seismicity depth (km) Craton thickness (km)

B Caribbean-South America shear-wave splitting measurements C western Mediterranean shear-wave splitting measurements
N Mﬁ‘\ TN TR LR R =)
' N
’_‘:,!’
.-w-\

RELCTEISR NG

40°N §

34'N

4'N

S
60'W

W

64'W

58°'W

72W  70W  68'W  66'W 62'W
Figure 1. (A) Global map illustrating locations of subduction zones with Wadati-Benioff zone seismicity M >4.5 (>50 km depth) illustrating dip
of slabs and locations of cratons and their variable margin shapes. Cratons are shown in blue colors (note craton color scale increments), as
represented by lithospheric thickness estimates from LITHO1.0 model (Pasyanos et al., 2014; https://figppweb.ucsd.edu/~gabi/litho1.0.html).
Locations of B and C are shown with green rectangles. (B) Regional map of the Caribbean-South America plate boundary with shear-wave
splitting measurements. Plate boundaries are plotted as gray lines (Bird, 2003). Black dotted lines are inferred position of the Amazonian
craton (100 km steps) from Miller and Becker (2012). Average SK(K)S splitting is shown with red bars using the updated database from Becker
et al. (2012). Background image is from ETOPO1 (https://doi.org/10.7289/V5C8276 M). (C) Regional map of the westernmost Mediterranean and
northwestern Africa with shear-wave splitting measurements. Plate boundaries are plotted as gray lines (Bird, 2003). Black dotted line is inferred
margin of the West African craton at ~200 km depth, from Miller et al. (2015). Average SK(K)S splitting is shown with red bars using the updated
database from Becker et al. (2012). Small-amplitude delay times are found at stations within the craton, large-amplitude outside the craton,

where splits then change amplitude and orientation into an arcuate-shape pattern indicating circum-slab flow to the north at the Gibraltar arc.

Figs. S1-S4 in the Supplemental Material). Our
models explore the modification of the cratonic
lithosphere due to its interaction with mantle
flow induced by a slab positioned orthogonal to a
continent (similar to tectonic settings in Figs. 1B
and 1C). We considered three scenarios: craton-

only models, subducting slab—only models, and
models that included both the craton and the
subducting slab (Table S2). Within the three
scenarios, we chose four margin shapes—a
vertical, straight margin directly adjacent to
the subducting slab (“straight proximal”); a

vertical, straight margin located 300 km to the
south of the subducting slab (“straight distal”); a
tiered margin, increasing in thickness southward
in three steps (tiered); and a diagonal margin,
progressively thickening southward (diagonal)
(Fig. S1)—to encompass the range of margins
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Figure 2. Mantle flow (vectors) with temperature (gray) and dissipation (red) contours for the tiered craton-only model (A,B), slab-only model
(C,D), and tiered-craton and slab model (E,F). For visualization purposes, the length of vectors in A and B was scaled by 10x compared to those
in C-F, highlighting the difference in magnitude between mantle flow driven by subduction and edge-driven convection. Panels on the right
are “devil’s-eye view” from the base of the model; panels on left are viewed from the northeast. We use “devil’s-eye view” to better visualize
flow along the complex craton margin that might be masked by looking from above. Temperature contour is at 1400 K; dissipation contour
at 2 x 10-° Pa/s. Velocity vectors are colored by vertical velocity, with maximum length scaled to 0.56 cm/yr for A and B and 5.6 cm/yr for C-F.
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Figure 3. Strain-rate transects. (A) Second invariant of strain rate (1/s) along the north-south transect shown with blue tracers in B, sampled
at a depth of 198 km and directly to the west of the subducting slab as viewed from the north. Transect (gray line) runs parallel to the strike
of slab, and samples regions within the mantle wedge extending into the cratonic lithosphere. Solid lines show values for slab and craton
models, while dotted lines show values for craton-only models. For reference, dashed lines show position and prescribed shape of the craton.
Label X marks position of the edge of the craton for the straight-margin distal craton (models 7 and 8) as well as where the transect enters
the diagonal-margin craton (models 3 and 4), and where the transect runs along the base of the tiered-margin craton (models 1 and 2). Label
Y marks position of the edge of the craton for the straight-margin proximal craton (models 5 and 6). Transect intersects the deepest portion
of the tiered margin craton at 1400 km. Model numbering follows Table S2 (see footnote 1). (B) View from the north showing location of the
transect line (in blue) for the tiered-craton and slab model (Figs. 2E and 2F). Transect line is in the same location for all models.

observed for cratons (e.g., Bao et al., 2014;
Masy et al., 2015; Miller et al., 2015).

We used a three-dimensional Cartesian
model domain of length 5000 km (west-east),
width 3000 km (north-south), and height
660 km. The craton region within the model
spanned the southwestern region of the domain,
having dimensions 4000 km (length) x 1400 km
(width) x 330 km (depth, defined by the 1400 K
isotherm) with a northern margin width of
600 km and variable depths depending on cho-
sen margin geometry (Fig. S1). The slab, span-
ning 1000 km, representing subducted oceanic
lithosphere with a thickness of 100 km and
dipping 60° to the west to a depth of 495 km.
The temperature fields are defined by invert-

ing the half-space cooling model (Turcotte
and Schubert, 2014) for the cratonic, oceanic
plate, and subducting slab thickness at 1400 K,
approximating the base of the lithosphere. We
used temperature- and strain rate—dependent vis-
cosity and free-slip velocity boundary condi-
tions on all sides (see the Supplementary Mate-
rial and Table S1 for model parameters).
Mantle flow in our models is driven by (1)
the negative thermal buoyancy of the slab, and
(2) the thermal boundary layer between craton
and mantle. The subduction-induced mantle
flow is produced by the negative thermal buoy-
ancy as well the rigidity of the continuous sur-
face plate and subducting slab. This combina-
tion simulates slab rollback that produces the

largely horizontal mantle flow. Figure 2 illus-
trates the flow patterns produced in the models.
Figures 2A and 2B show the flow field for a cra-
ton-only model with a tiered margin (see Figs.
S3 and S4 for other margin shapes). The flow
field in this scenario is dominated by small-scale
(edge-driven) convection, driven by lateral tem-
perature variations, within the thermal boundary
layer between the craton and the mantle. Fig-
ures 2C and 2D show the flow field for a model
with a slab only, highlighting the much larger-
scale subduction-driven mantle flow. The veloc-
ity field is characterized by large-scale toroidal
flow circulating from behind the slab around the
mantle adjacent to the subducting plate and into
the mantle wedge. The flow resulting from the

www.gsapubs.org | Volume XX | Number XX | GEOLOGY | Geological Society of America



interaction of the craton and subducting slab is
shown in Figures 2E and 2F. The interaction can
be identified in three related processes: (1) large-
scale dampening of the toroidal, slab-induced
mantle flow by the presence of the craton, (2) the
small-scale edge-driven convection produced by
the lateral thermal discontinuities introduced by
the craton, and (3) deflection and localization of
the toroidal flow within the margin between the
slab and craton.

Moving Deformation Inward

This channelization can lead to deforma-
tion of the cratonic lithosphere depending on
the margin shape. Figure 3 shows north-south
transects that sampled strain rate in the region
directly to the west of the subducting slab at a
depth of 197 km (transect location in Fig. 3C).
These north-south transects sample the mantle
wedge, the channel, and the cratonic lithosphere.
The transect enters the cratonic lithosphere at
different points depending on the margin geom-
etry (top portion of Fig. 3A, intersection points
labeled as “X” and “Y”).

Channelized flow increased the strain rate
of the mantle flow within the channel as well as
within the cratonic lithosphere (Fig. 3A). The
degree of this increase as well as how far the
increased strain rate extended laterally into the
craton depended on the margin shape (Fig. 3A).
The increased strain rate extends farther later-
ally into the craton interior for the diagonal-
and tiered-shape margins (solid orange and blue
lines, respectively; the transect enters the cra-
ton or runs along its base at X). The increase
in strain rate is dampened by several orders of
magnitude when moving farther into the craton
interior for both simulations of straight, vertical
margins (at “X” for straight distal and “Y” for
straight proximal) regardless of the location of
the margin (relative to the slab) and channel size
(solid green and red lines in Fig. 3A). This sug-
gests that straight, vertical margins are a more
stable shape compared to those with progressive
thickening into the interior.

DISCUSSION

This dependence on margin shape follows
the premise that craton stability is linked to
lithospheric thickness (Lenardic and Moresi,
1999; Cooper et al., 2006). The tiered and
diagonal margins place thinner lithosphere in
proximity to increased mantle flow, subjecting
the craton to deformation. The straight, vertical
margin, however, positions thick, cold, rheologi-
cally strong (as driven by the thermal structure)
lithosphere near the enhanced flow. The thicker,
and thus stronger, lithosphere suppresses the
potential for deformation, as demonstrated by
both straight-margin scenarios. When the slab
is present, the increased mantle flow velocities
are pushed toward the craton and result in an
increase in strain rate directly along the margin.

For thin margins, this can result in deformation
contributing to further thinning of the cratonic
lithosphere, which could lead to progressive
erosion of the margin until a more stable shape
evolved. Thus, as the simulations demonstrate,
the result of a complex margin geometry, such
as a tiered or diagonal shape, is twofold: the
introduction of a channel to localize mantle flow,
and the placement of thinner, weaker lithosphere
along the margin, both of which increase the
potential for destruction of the craton.

These results suggest two possible interpre-
tations: (1) progressive deformation of cratonic
margins may modify the shape from tiered or
diagonal to a more stable straight, vertical mar-
gin, or (2) straight, vertical margins may be
long-lived features remnant of either formation
or catastrophic deformation. The first interpreta-
tion suggests that increased mantle flow can lead
to craton destruction through runaway processes
occurring along the margins moving toward the
interior. This is different than previously pro-
posed models for craton destruction that invoke
large-scale events such as delamination of much
or all of the lithosphere (e.g., Kay and Mahl-
burg Kay, 1993; Liu et al., 2018) or gravita-
tional instabilities within the lower lithosphere
(e.g., Huetal., 2018). The second interpretation
indicates that caution is needed when interpret-
ing seismic images of straight, vertical cratonic
margins. It may be tempting to suggest that the
abrupt change in lithospheric thickness is evi-
dence for a large, catastrophic event (Bao et al.,
2014); however, it is possible that the shape is a
remnant of the processes that formed the craton.

Note that our simulations assume a rheo-
logically strong cratonic lithosphere consis-
tent with observations of dehydrated cratonic
xenoliths (Peslier et al., 2010). Currie and van
Wijk (2016) demonstrated that weaker rheol-
ogy leads to relaxation of a straight, vertical
margin into a more diagonal shape while stron-
ger rheology ensures preservation of the ini-
tially vertical shape. This suggests an interplay
between margin shape and rheology, with some
geometries possible only for certain rheologi-
cal properties.

CONCLUSIONS

Directed mantle flow channelized along a
craton can impact a craton’s stability, depending
on the shape of the craton margin. Straight, verti-
cal margins dramatically dampen the enhanced
flow, protecting the craton interior from defor-
mation. Progressively thickening margins, how-
ever, allow for the increased strain rate to extend
into the interior of the craton, increasing the
potential for deformation. We note that this trend
strikingly follows the observed shear wave pat-
terns in South America and northwestern Africa
as shown in Figures 1B and 1C. For these tec-
tonic settings with non-vertical craton margins,
the change in the shear-wave splitting ampli-
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tudes suggest an inward progression of defor-
mation, with the largest delay times adjacent to
the plate boundaries within the mantle channel.
Rather than a rapid diminishing of amplitudes,
the observed shear-wave splitting delay times
progressively decrease southward into cratonic
interiors. The large-amplitude splits aligned with
the strike of the craton margin illustrate that the
mantle flow and therefore inferred deformation
of the continental lithosphere are constrained by
the geometry of the craton. This suggests that
in these regions, cratons could be progressively
eroding along their nonvertical edges.
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