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Supplemental Methods

ASPECT is a geodynamic modelling code that uses the finite-element method to solve the
system of equations that describes the motion of a highly viscous fluid. Detail of the code that
isn’t directly related to the modelling setup specific to this study can be found in the ASPECT
user manual (Bangerth et al., 2018) and a recent ASPECT canonical publication (Heister et al.,
2017). Computations were done using the ASPECT code version 2.0.0, see Heister et al., 2017,
Bangerth et al., 2018, Kronbichler et al., 2012 and Rose et al., 2017.

Experimental setup

The three-dimensional numerical experiments conducted in this manuscript are within a
Cartesian box of 800 km (x-axis) by 800 km (y-axis) and 600 km vertically (z-axis). The
computational grid that solves the visco-plastic Stokes equations is shown in Fig. DR2. The
computational grid is fixed laterally but varies vertically, with higher resolution prescribed in the
top 80 km of the model (from the surface to 80 km depth). Below, the resolution becomes
coarser, with a reduction in resolution between 80 and 180 km, then finally lower resolution
from 180 km depth to the bottom of the model (Fig. DR1). There are 1.7 million active cells in
the model, with a resolution of ~1 km at the surface.

The 3D simulations are very computationally expensive, producing 147 million degrees of
freedom and needing around 80 GB memory. For most cases, the models used 416 CPUs and
took ~16,000 hours of computational time to generate 12 Myr of deformation on
ComputeCanada’s Niagara cluster.

Governing equations

In this study, we solve the equations of conservation of momentum, mass and energy after
assuming an incompressible medium with infinite Prandtl number:
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In the equations above, u is the viscosity, € is the strain rate tensor, u is the velocity vector, k is
the thermal conductivity, p is the density, C,is the thermal heat capacity, « is the thermal
expansivity, H the internal heat production, and 7 the temperature. The strain rate tensor is given
as:

&= %(Vu + vu’).

Different material parameters (in this case upper crust, lower crust, mantle lithosphere,
asthenosphere, etc.) are represented by compositional fields that are advected with the flow



(similar to the temperature field). For each field c;j, this formulation introduces an additional
advection equation to the system of equations:

aCl'
¥+u-Vci=0

The equations above are solved using the finite element method, where the domain is discretized
into quadrilateral/hexahedral finite elements and the solution (e.g., velocity, pressure,
temperature and compositional fields) is expanded using Lagrange polynomials as interpolating
basis functions (as outlined in Glerum et al., 2017). In this study, we employ second order
polynomials for velocity, temperature and composition and first order polynomials for pressure
(Q2Q1 elements, e.g. Donea and Huerta, 2003). The equations are solved using an iterative
Stokes solver (for more details see Kronbichler et al., 2012).

The ASPECT material field visco-plastic was used for this study, which is an implementation of
a visco-plastic rheology with options for selecting dislocation creep, diffusion creep or a
composite viscous flow law. Plasticity limits viscous stresses through a Drucker Prager yield
criterion. The model is incompressible, but we apply the real density to the temperature equation.

The viscosity for dislocation or diffusion creep is defined as:

o a-m E+PV
u=054A"né; n exp (ﬁ)
where A is the prefactor, n is the stress exponent, €;;1s the square root of the deviatoric strain rate
tensor second invariant, E is activation energy, V is activation volume, P is pressure, R is the gas
exponent and 7 is temperature (e.g., Billen and Hirth, 2007). Here, we select to use the
dislocation creep (V(gis1; 1 > 1) equation form.

Viscosity is limited through one of two different ‘yielding’ mechanisms. Plasticity limits viscous
stress through a Drucker Prager yield criterion, where the yield stress in 3D is

o, = {6Ccos @ + 2Psin¢}/{v/3(3 +sin )} .



Above, C is cohesion and ¢ is the angle of internal friction. If ¢ is 0, the yield stress is fixed and
equal to the cohesion (Von Mises yield criterion). When the viscous stress (2ug;;) exceeds the
yield stress, the viscosity is rescaled back to the yield surface u,, = ,/(2¢;), (e.g., Thieulot,
2011). This method of plastic yielding known as the Viscosity Rescaling Method (VRM)
(Willett, 1992; Kachanov, 2004) and is implemented by locally rescaling the effective viscosity
in such a way that the stress does not exceed the yield stress. In the models here, strain
weakening is implemented for the internal friction angle and cohesion — they are linearly reduced
by 50% of their value as a function of the finite strain magnitude (from 0.5 to 1.5) (Table DR1).

Compositional fields (upper crust, lower crust, mantle lithosphere, asthenosphere, and scarring)
can each be assigned individual values of thermal diffusivity, heat capacity, density, thermal
expansivity and rheological parameters (Table DR1). If more than one compositional field is
present at a given point (such as for a scar overlain on top of mantle lithosphere), viscosities are
averaged with a harmonic scheme (e.g., Glerum et al., 2017).

An initial reference viscosity of 1e+22 Pa.s is applied to each compositional field in the models
due to the strain rate dependence of viscosity and the lack of an initial guess for the strain rate for
the first time-step (Glerum et al., 2017). This initial reference viscosity is starting point to
calculate the different viscosity at depth. In testing, we have modified the initial reference
viscosity up and down by two orders of magnitude and found no difference in the final outcome
of the simulations. During subsequent time-steps, the strain rate of the previous time-step is used
as an initial guess for the iterative process. The final effective viscosity is capped by a (user-
defined) minimum viscosity (set at 1le+18 Pa.s) and maximum viscosity (set at 1e+26 Pa.s) to
avoid extreme excursions and to ensure stability of the numerical scheme. In the models
presented here, we apply a viscosity range of 8 orders of magnitude. However, for the majority
of models the viscosity profile stays well within this range.

Lithosphere scarring

In the models presented in the main manuscript, the mantle lithosphere scar has a dip of 15
degrees from the horizontal and extends to a depth of 52 km from the initial starting point 32 km
down. This shallow dip is consistent with that indicated from seismic imaging (Mickus and
Keller, 1992). The mantle lithosphere scar is presumed to be a weak feature, possibly from grain
damage processes through ancient deformation. The weakness of the scar is given by prescribing
a low value to the internal angle of friction on the structure (1°) — all other rheological properties
are the same as the rest of the layer. In a previous 2D study, the influence of how weak a mantle
lithosphere scar needs to be (e.g., changing the value for the angle of internal friction) in the
presence of crustal scars was rigorously tested (Heron et al., 2016). Here we have compared our
new model with these previous studies and performed new models in three dimensions. For
models UC and UC-ML (and UC2 and UC2-ML), the upper crustal scars have the same
properties as the upper crust but with a 1° angle of internal friction.

Time stepping

Here, we use the Courant-Friedrichs-Lewy (CFL) condition to ensure stable convergence. In
these calculations the CFL criterion is set to 0.5. However, we have tested the model with



smaller CFL values to ensure the setup is robust.

Rheologies

The rheological setup of these models closely follows that of Naliboff and Buiter (2015). Table
DR1 outlines the rheological parameters used for the different compositional layers. The upper
crust implements a wet quartzite flow law (Rutter and Brodie, 2004), lower crust applies wet
anorthite (Rybacki et al., 2006), and the mantle dry olivine (Hirth and Kohlstedt, 2004). All the
viscous pre-factors described in Table DR1 are scaled to plane strain from unixial strain
experiments.

Boundary conditions

In the models presented here, we apply a prescribed boundary velocity on the north and south
boundaries, and tangential velocity boundary condition on the west, east and base walls of the
model, and a free surface on top. We have modelled the Cartesian 3D box large enough so that
deformation driven from the scarring is not influenced by the tangential boundary conditions (as
described below).

The prescribed boundary condition on the north wall is a 1 cm/yr convergence for the lithosphere
(120 km) and a return flow of -0.6 cm/yr for the bottom 200 km of the box. In between, the
velocity tapers from 1 cm/yr to O cm/yr from 120 km to 225 km depth, and from O cm/yr to -0.6
cm/yr from 200 km to 400 km depth. The reverse is applied to the west wall, with 1 cm/yr
compression for the lithosphere. After extensive testing, we found this boundary condition to
provide stable solutions.

The free surface is formulated by an Arbitrary Lagrangian-Eulerian (ALE) framework for
handling motion of the mesh (for more details please refer to Bangerth et al., 2017). All the
calculations presented here have 5,566,239 free surface degrees of freedom.

Thermal model setup

An initial temperature field is prescribed (Fig. DR1a) but is allowed to evolve during the
simulation (Fig. DR1b). The initial temperature follows a typical continental geotherm
(Chapman, 1986) with no lateral variations. Our initial condition models late Paleozoic
convergence of two connected continental blocks, which first collided in the Proterozoic (Fig
1Ci-1Cii). The last closure of the oceanic basin to accrete the Sabine Block to the Laurentian
occurred over 1 Ga in the past (Dunn, 2009; Fig 1Cii), and therefore there are no thermal
perturbations from the tectonic event remaining. Table DR2 gives the values for the thermal
constraints required to generate the geotherm. As described in Naliboff and Buiter (2015), we
use a high conductivity in the asthenosphere to maintain the high adiabat in the layer, and to
generate a constant heat flux into the lithosphere (Pysklywec and Beaumont, 2004).

The temperature equation for calculating the initial geotherm is given as follows:



T(Z) =T, + %z — Hz%/2k
where T,1s the temperature at the top of the specific layer, H the heat production, g the heat flow
through the surface of the specific layer, k the thermal conductivity and z the depth.



Model Results

Fig DR2-5 shows further information regarding the main model ML, including the initial
temperature and viscosity condition (Fig DR2). The surface strain evolution and topography for
the model run is shown in Fig DR3 and DR4, respectively. The deformation front as shown in
the main manuscript (Fig 2) forms early in the model run (Fig DR3). To understand further the
importance of the mantle lithosphere heterogeneity, we present the vertical component of model
velocity at different depths for Model ML after 4 Myr (Fig. DRS). Near the surface at 5 km depth
(Fig. DR5A), there is a complex pattern of uplift and subsidence in the upper crust. Deeper in the
lithosphere, the pattern of the vertical velocity becomes simpler and larger in magnitude. In the
lower crust, there is a broad zone of downward pull with a relatively narrow zone of uplift,
representing the thrust front (Fig. DR5B). At 35 km depth, in the mantle lithosphere, the
downward pull is strong, with the mantle lithosphere scar acting as a locus of deformation along
which the lithosphere moves. The relatively simple process at depth produces a complex pattern
of tectonic deformation at the surface.

Fig DR6 presents a direct comparison of the main result from Model ML with the surface
geology features of the Ouachita orogeny. For easy comparison, we have scaled the Ouachita
deformation to our model region through matching the size of the Sabine Block outline from Fig
1A to our model mantle scar outline. Fig DR6 shows the Ouachita deformation front in white as
compared our model front in red, with corresponding Arkoma and Fort Worth basins in dashed
purple bounding the front to the north and west. The extra deformation limb in the east of the
Ouachita deformation front may be due to our model mantle lithosphere structure being
perpendicular to the convergence direction in that region (highlighted by ‘A’ in Fig. DR6). The
Sabine Block may have a more oblique outline to it than our model (highlighted by ‘B’ in Fig.
DR6),

In Fig DR7, we present the impact of changing the mantle lithosphere scar angle on the
deformation of the orogeny. A feature of the Ouachita orogeny is the varying offset of ~100 —
200 km between mantle lithosphere structure and main thrust front (Keller and Hatcher, 1999).
This may be explained by a changing mantle lithosphere scar angle across the orogen — in Fig.
DR7 we demonstrate that shallow dipping mantle structures can generate a greater offset from
mantle to crust than a steeply dipping feature (although the difference is small in this example).

In Fig. DR8 we present the impact of a mantle lithosphere scar in the presence of another set of
inherited crustal structures (Model UC2) — in particular, a set of weak upper crustal faults (Fig.
DRS8A) positioned in relation to prior rift tectonics (e.g., Thomas, 2010; Calignano et al., 2017).
In keeping with Model UC (Fig 3), the upper crustal scarring fails to localize deformation across
the model region (Fig DR8B). However, the presence of the mantle lithosphere scar (Fig DR8C)
controls the tectonics over the shallow features and localizes deformation (Fig DR8D).



Experiment Sensitivity and Robustness

In the formulation of this manuscript, we experimented with the sensitivity of the input
parameters and how robust the results are. First, we benchmarked the ASPECT numerical code
against previous 2D simulation of visco-plastic models of lithosphere deformation. In 2D, we
compared our ASPECT models with that of published work with the numerical code SOPALE.
In 2D, the role of mantle lithosphere scarring has been extensively analysed in a parameter space
study with SOPALE (Heron et al., 2016). We found that the numerical simulations in ASPECT
compared well with that of SOPALE, which gave us the confidence to pursue 3D simulations of
visco-plastic deformation.

To ensure the results presented here are robust, we implemented a number of supplementary
models (Table DR3). In particular, we ran a full suite of models using different strain weakening
parameters. In the test suite, strain weakening is implemented for the internal friction angle only
— it is linearly reduced as a function of the finite strain magnitude (where it is decreased from
20° — 5%, between a 0 and 1.0 strain range). The weak scar has an internal angle of friction of
zero. However, the test Model ML shows very similar results to those shown in the main
manuscript.

To further examine the robustness of the study, we have also tested the role of: strain weakening
in cohesion and internal angle of friction; the reference strain rate; the reference viscosity; the
CFL condition; a composite diffusion creep/dislocation creep asthenosphere; the positioning of
the mantle scar from the centre of the model; the size of the box; rate of convergence; application
of artificial diffusivity; lower crustal strength; scar length; and scar angle (amongst others). We
do not present these models here as they would be repetitive and take up too much space.
However, we do provide a list of the models that were conducted, with notes as to how they
deviate from the main model, Model ML. The model which impacted the overall results shown
by Model ML was the use of a strengthened mantle lithosphere scar (which did not localize
deformation). In analysing the topography of the test models (Fig DROA and DR9B), Mode! T-
Vel (increased convergent velocity), T-SW (both cohesion and internal angle of friction strain
weakening), and T-Coh (only cohesion strain weakening rather than just internal angle of friction
strain weakening) show a deviation from the reference Model T-ML’s maximum and minimum
topography. However, the overall deformation pattern between 7-Vel, T-SW and T-Coh are
broadly similar to ML.



Supplementary Tables and Figures

Property | Units UC LC ML A ML Scar
Density kg m 2800 2900 3300 3300 3300
Thermal m? s! 1.90476e-6 | 1.149425e-6 | 1.33333e-6 | 1.33333e-6 | 1.33333 ¢-6
diffusivities
Viscosity Pa'm? s’ | 8.57e-28 | 7.13e-18 6.52e-16 | 6.52e-16 | 6.52¢-16
prefactor
(A*)

Stress 40 3.0 35 35 35

exponent, n

Activation kJ mol”’ 223e3 345e3 530e3 530e3 530e3

energies (Q)

Activation m? mol” 0. 0. 18e-6 18e-6 18e-6

volumes

Thermal K 2e-5 2e-5 2e-5 2e-5 2e-5

expansivities

Specific heat | J kg' K | 750 750 750 750 750

Heat W m3 1.5e-6 0 0 0 0

production

Angles of ° 20->10 |20->10 20>10 |20>10 |[1>0.5

internal

friction

Cohesions Pa 20e6 -> 20e6 -> 20e6 -> 20e6 -> 20e6 ->
10e6 10e6 10e6 10e6 10e6

Table DR1. Rheological parameters for Model ML. Angles of internal friction have strain
weakening properties. For models UC and UC-ML, the upper crustal scars have the same
properties as the upper crust above, but with a 1 angle of internal friction. Strain weakening
occurs over the range 0.5 to 1.5, in keeping with Naliboff and Buiter (2015).

Property Units ucC LC ML A

Width km 20 10 90 480

Temp top of layer surface °C 0 409 500 1300
Layer surface heat flow Wim? 0.0653571 | 0.035357 | 0.0275 | 0.0126582
Thermal conductivity WimK) | 2.5 2.5 33 39.25
Heat production Wim? 1.6e-6 0 0 0

Table DR2. Thermal parameters for all initial temperature profiles for computing the continental
geotherm.



# | Name Dim | Where | Description

1 | ML 3D | Fig 2-3 | Main model as described in text

2 | UC 3D | Fig3 | UC scars

3 | UC-ML 3D | Fig3 UC scars and ML scar

4 | UC2 3D | DR Another set of UC scars

5 | UC2-ML 3D | DR UC2 with ML scar

6 | Zero 3D | NS No scars — no localization

7 | Dip 3D | DR Angled scar dip

8 | Strength 3D | NS ML scar that is strong - no localization

9 | Simple 3D | NS No limbs on the ML scar

10 | T-ML 2D | DR Test suite setup — only 50% strain
weakening and O degree weak scar angle
of internal friction. This is the setup for
all the T- models unless specified.

11| T-Vel 3D | DR Increased convergence to 2cm/yr

12 | T-Diff 3D | DR Diffusion creep asthenosphere

13 | T-Coh 3D | DR Cohesion strain weakening

14 | T-Visc 1 3D | NS Reference viscosity increased to 1E+23

15 | T-Visc 2 3D | NS Reference viscosity increased to 1E+21

16 | T-SR 3D | DR Reference Strain rate decrease to 1E-17

17 | T-CFL 3D | DR CFL reduced to 0.25

18 | T-Art Diff 3D | NS Application of artificial diffusivity

19 | T-SW 3D | DR Strain weakening 50% for cohesion and
friction

20 | Dip 3D | DR Steeper angle of ML scar

21 | Box 3D | NS Increasing box width

22 | Pos 3D | NS Changing position of ML scar

23 | LC rhe 3D | NS Changing LC rheology for ML model

24 | Scar steep 3D | DR Short ML scar that is steep

25 | Scar shallow | 3D | DR Short ML scar that is shallow

26 | UC-ML* 3D | DR UC scars and ML scar with internal
friction angle = 0°

27 | 2DML 2D | DR Scarring set up as Heron et al., 2016

28 | UC-ML** 3D | DR UC scars and ML scar with internal
friction angle = 10°

29 | LC-ML** 3D | DR LC scars and ML scar with internal
friction angle = 10°

3D | NS Various different scar geometries

Table DR3. List of some of the numerical models performed in this study: DR denotes the
model features in the Data Repository; NS denotes the models were not shown and were run for
testing purposes. All testing models presented results similar to those described in the text
(unless specified in description).
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Figure DR1. Temperature (A) and viscosity (B) profile in a slice across the middle of the box
(N-S) for Model ML. The lithosphere strength profile for the heterogenous mantle is given in (C),
with a strain rate of le-14 s and the rheological parameters as given in Table DR1.
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Figure DR2. Finite element fixed mesh for all models. There are 1.7 million active cells in the
model, with a resolution of ~1 km at the surface.
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Figure DR3. Model evolution of surface strain rate for Model ML.
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Figure DR4. Maximum and minimum topography evolution for Model ML.
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Figure DRS. Slices of the vertical velocity component of lithosphere deformation for Model ML
after 4 Myr of compression (80 km) at A: 5 km depth (upper crust), B: 25 km depth (lower crust)
and C: 35 km depth (mantle lithosphere).
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Figure DR6. Comparison between the geological surface expressions of the Ouachita orogeny
and the deformation of Model ML. Background figure is from Fig 2C in the main manuscript,
with Model ML surface strain rate after 4 Myr with model orogen, basin and deformation front
highlighted alongside mantle scar original location. Here, the regional Ouachita tectonics are
scaled to our models by matching the outline of the Sabine Block with our model scar. The
deformation patterns of the arcuate orogeny and basin development occur in similar positions for

our model and the geophysical and geological data. In Key, FW denotes Forth Worth. For
explanation of ‘A’ and ‘B’ please refer to text.
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Figure DR7. Cross-section view of Model Dip (A) and Model ML (B) across the middle of the
orogeny (E-E’, Fig 2) after 4 Myr of compression. The models compare the differences between
in deformation patterns when the dip angle becomes steeper. There is a small change in orogeny
position, with slight differences in tectonic deformation (high strain rate).
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Figure DRS8. Top down view of the surface strain rate for models featuring mantle lithosphere
scars and crustal heterogeneities (the main deformation front for Model ML is given by dashed
red line). A: Outline of the upper crustal scarring for Model UC2 (featuring just the UC scars),
with corresponding strain rate plots for B: Model UC2 (at 6 Myr). In Model UC2, the
deformation does not localize across the region. C: Outline of the upper crustal and mantle
lithosphere scarring for Model UC2-ML, with corresponding strain rate plots for D: Model UC2-
ML (at 4 Myr). Here, the mantle lithosphere scar dominates crustal tectonics early in the model

evolution.
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Figure DRY. Testing the robustness of the results. A full suite of models was conducted with
different strain weakening parameters, and comparison between some of these testing models are
shown. See Table DR3 for model descriptions. A: maximum and B: minimum topography
values for the test models. C: comparison of surface strain rate plots for Model T-Vel, Model T-
Coh, and Model T-SW. Models that show a large deviation from the Model T-ML maximum and
minimum topography (T-Vel, T-SW, T-Coh), do not show much change in the actual
deformation patterns.
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Figure DR10. Top down view of surface strain rate of additional models. A: Model with no
scarring. B: Model with oblique scarring (original position of ML scar given in green, with
original Model ML scar shown in dashed green). C: Model with ML scar that has strength rather
than weakness. D: ML scar without the east and west limbs. Dashed red line outlines the main
front of the reference Model ML at 6 Myr.

Code and experimental inputs

Numerical code used

For these calculations we used ASPECT version 2.0, with dealii version 8.5.1. The version of
ASPECT used can be found here

https://github.com/geodynamics/aspect

Another webpage for the ASPECT code can be found here:
https://aspect.geodynamics.org

The manual for the code has more detail about the inner workings and formulations, as well as
information on benchmarking. The manual is available here:
http://www.math.clemson.edu/%7Eheister/manual.pdf - updated regularly (currently 30 MB and
454 pages).




Experimental inputs

The experiments were designed from the continental extension ASPECT cookbook:
https://github.com/geodynamics/aspect/blob/master/cookbooks/continental extension.prm
The input files for this experiment can be found here:

https://github.com/heronphi/Heron etal2019
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