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Abstract \/

Abstract

In this work, three numerical models which capture plate-like behaviors were developed with a
simple methodology that is based on experimental data from analogue models to promote the use
in undergraduate students. To demonstrate the compatibility of analogue modeling and numerical
modeling software that runs in personal computers, three models were ran changing the boundary
conditions of the bottom, and the lithosphere layer shape to evaluate its influence. Model 1 and
Model 2 had two different events of subduction, taking 15 hours to initiate the motion and 11
minutes in the geodynamic events; while Model 3 had four different events, taking 40 minutes to
initiate motion and 15 minutes of action. Model 1 was the base model with a free-slip boundary
condition at the bottom that promoted higher speeds (maximum ~ 1.2e7 cm/s), smoother
lithosphere subduction, and further advancement of the trench during the first slab subduction.
Model 2 had a non-slip boundary condition which caused slab folding as soon as the slab hit the
bottom and this promoted earlier thinning and tearing, less duration of trench advance and lower
trench speeds (maximum ~ 1e7). Finally, Model 3 with a gap of 2 cm at the right edge of the
lithosphere layer allowed the system to have lower values of velocity than the other two models
(maximum ~ 7e6), less time to initiate the motion in the dynamic system, and more uniformity in
results, such as viscous dissipation with correlated peaks in terms of the different events of
subduction. All models had similar behaviors of the base analogue model, in terms of multiple slab
tearings. However, Model 3 is the one that has a better resemblance to the analogue model in terms

of time scale.

Keywords: Numerical modeling, analogue modeling, subduction, slabs, undergraduate students.
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Resumen

En este trabajo, desarrollé tres modelos numéricos que capturan comportamientos de placas
tectdnicas con una metodologia simple que se basa en datos experimentales de modelos anélogos,
para promover el uso en estudiantes de pregrado. Para demostrar la compatibilidad del
modelamiento anéalogo y el software de modelamientos numéricos ejecutado en computadores
personales, ejecuté tres modelos cambiando las condiciones de frontera del fondo y la forma de la
capa de la litosfera para evaluar su influencia. EI Modelo 1 y el Modelo 2 tuvieron dos eventos
diferentes de subduccidn, tardando 15 horas en iniciar el movimiento y 11 minutos en los eventos
geodinamicos; mientras que el Modelo 3 tuvo cuatro eventos diferentes, tardando 40 minutos en
iniciar el movimiento y 15 minutos de accion. EI modelo 1 fue el modelo base, con una condicién
de frontera de deslizamiento libre en la parte inferior que promovié velocidades mas altas
(méaximos ~ 1.2e7 cm/s), una subduccion de litosfera mas suave y un mayor avance de la trinchera
durante la subduccién del primer slab. EI Modelo 2 tenia una condicién de frontera con friccién,
gue causaba el plegado del slab tan pronto como éste tocaba el fondo, por lo cual promovia un
adelgazamiento y desgarro mas temprano, una menor duracion del avance de la trinchera y
velocidades de trinchera mas bajas (maximos ~ 1e7). Finalmente, el Modelo 3 con una brecha de 2
cm en el borde derecho de la capa de la litosfera permitié que el sistema tuviera valores de
velocidad mas bajos que los otros dos modelos (maximos ~ 7e6), menos tiempo para iniciar el
movimiento en el sistema dinamico y mas uniformidad en los resultados, como la disipacion
viscosa con picos correlacionados en términos de los diferentes eventos de subduccién. Todos los
modelos tuvieron comportamientos similares al modelo anadlogo base, en términos de desgarros
multiples del slab. Sin embargo, el Modelo 3 es el que tiene un mayor parecido con el modelo

analogo en términos de escala de tiempo.

Palabras Clave: Modelamiento numérico, modelamiento analogo, subduccion, slabs, estudiantes

de pregrado.
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Introduction

Numerical models are a powerful tool to investigate tectonic and geodynamic processes that occur
at geological timescales. Over time, the representation of geological processes has contributed to
the resolution of problems that could be too complex to be resolved because of the large spatial-
time scales (Capitanio et al., 2021). Previous research has developed computationally complex
numerical simulations of mantle convection in 2-D (Moresi et al., 2002; Moresi et al., 2003;
Cooper et al., 2004; Capitanio et al., 2007; Yang et al., 2019; Faccenna et al., 2021), and 3-D
(Moresi et al., 2007; Schellart et al., 2013; Moresi et al., 2014; Zhang et al., 2017). One of the
topics investigated with numerical models is the process of subduction, where researchers have
already solved many of the techniques and parameters (Gerya, 2022). However, numerical models

are computationally expensive, limiting their use in undergraduate studies.

In this project, the use of computationally simple and inexpensive numerical models is
demonstrated using data from an undergraduate class-project analogue model. A personal
computer was used to perform numerical models that explore diverse parameters such as plate
thickness, the effect of viscosity contrasts, density contrasts, strength, and the role of boundary
conditions. | compared the numerical data with data obtained in simple analogue models, such as
trench-advance velocity and subducted area at a specified time. The purpose of this work is to get
undergraduate students closer to the development of numerical models, providing a template that
can be used by students in undergraduate Structural Geology classes to better understand Earth
geodynamics. With these simple numerical models, students will have the possibility to run their

own models, observing the impact of changes in parameters in the dynamic evolution.

My numerical models capture plate-like behaviors with a simple methodology that is based on
experimental data from analogue models. The results are numerical representations of subduction

processes. In the results section, the temporal evolution of the subducted slab, the subducted area,


https://www.zotero.org/google-docs/?i2N549
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the surface kinematics, the plastic strain field, and viscous dissipation are evaluated. Finally, the
outcomes are discussed taking into consideration the differences between analogue model and
numerical models results, and evaluate the influence of parameters used, relating concepts and

theory to observations.
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1. Theoretical framework

Results of previous models, both analogue and numerical, have considered distinct parameters to
study different subduction processes. Funiciello et al. (2003, 2004), Martinod et al. (2005), and
Regard et al. (2005), performed analogue models with honey to study subduction of an oceanic
lithosphere with buoyant ridges or plateaus, the impact of deep subducting plates on indentation, or
the classification of dynamic results based on presence of open or closed boundary conditions.
Stegman et al. (2010) used 3-D numerical models to propose differences in subduction dynamics
by varying the strength of slabs as well as the buoyancy. Capitanio et al. (2010), instead used 2-D

models that consider the influence of overriding plate feedbacks into the dynamics of subduction.

Since the first authors decided to develop 2-D numerical geodynamic models, subduction has been
the most studied and analyzed geodynamic process with computational tools (Gerya, 2011).
Development of computational equipment provided an important tool to the solution of scientific
problems. Numerical methods are given by equations that govern geodynamic processes.
Considering the mantle behavior as a viscous fluid for the geological time scales, governing
equations based on the conservation laws describe the flow of highly viscous fluid (Ismail-Zadeh
et al., 2010). Basically, conservation of mass, conservation of momentum, conservation of energy

and rheological law are equations that govern mantle and lithosphere dynamics.

Underworld2 is a Lagrangian-particle in-cell finite code that solves the Stokes and momentum
equations and consists of a Python-based, high performance, parallel code that can be used in
personal computers and high-performance computers (Beucher et al., 2019). This numerical
method considers the tracking of materials as they are subjected to deformation due to the involved

flow and provides important information about the dynamic behavior.


https://www.zotero.org/google-docs/?3EV4Rp
https://www.zotero.org/google-docs/?vdnUQs
https://www.zotero.org/google-docs/?vdnUQs
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Sobolev et al. (2005) states that a visco-elasto-plastic rheology enables the production of more
realistic topographic profiles throughout subduction simulations with numerical methods. Even
though the superficial layer in the analogue model | want to reproduce was a Mohr-Coulomb
material, it probably turned into a viscous fluid because of absorption of the viscous fluid below.
In this work, the materials used in the analogue model are represented as visco-elasto-plastic fluids
because a Mohr-Coulomb material cannot be accounted in the Stoke’s equation used by

Underworld2 to compute the numerical simulations.



Chapter 2 5

2. Problem statement

Numerical modeling of geological processes has been used for approximately 50 years in
engineering sectors as well as in academic research. The advance of technology and improvement
on computational high-performance infrastructure have contributed to the development of
sophisticated numerical models, receiving much wider acceptance both in research and in routine
engineering practice (Stead et al.,, 2006). Application of numerical models is essential for
geoscientists to understand processes that occur at geological timescales. However, it is almost
impossible for a geoscience student to create a numerical model that could capture the first-order
Earth dynamics. Numerical models represent Earth dynamics as a simulation of basic geophysical

processes and phenomena (Ismail-Zadeh et al., 2010).

Even though numerical models are simplified compared to geodynamic observations, the models
are still complex and expensive to build and run. To develop geodynamics numerical models, it is
usually necessary to have time in a high-performance computational facility, not usually available
for undergraduate students. Consequently, all of this represents a big limitation for undergraduate

students, because of the difficult access to high-performance computational infrastructure.

It is important to promote in undergraduate students the interest for numerical models and bring
them closer to that experience, providing students the tools they need to start. Considering the
advance in technology and science, numerical models are important for acquiring new knowledge
and understanding of geodynamics processes. If we introduce these concepts early, as an easy and
cheap alternative, many students would be involved in it, exploring new possibilities, and

gradually immersing themselves into global geodynamic problems.
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3. Objectives

3.1. General objective

To demonstrate and promote in undergraduate students the development of simple and accessible
numerical models, to bring them closer to these tools that contribute to the understanding of
geodynamic processes.

3.2. Specific objectives

= To develop simple numerical models with minor differences in some variables to evaluate their
influence, using data obtained from subduction analogue models.

= To contrast the results obtained in models with experimental data to verify whether they
properly represent geodynamic processes.

= To provide a simple numerical model template for students to learn about geodynamics,

interact and modify parameters from their personal computers.
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4. Methodology

In order to promote numerical modeling for the undergraduate community, | developed subduction
geodynamic models based on previous analogue modeling performed during a Structural Geology
class. | highlight the ease that this methodology would represent for undergraduate students,
allowing them to visualize and quantify in a dynamic way, how the Earth lithosphere and mantle is
deformed by the process of subduction. Furthermore, the numerical modeling work presented in

this thesis will enable undergraduate students to start developing numerical models in the future.

4.1. Analogue model assembly

An analogue model of subduction developed for a structural geology class project (Delgado et al.,
in review) was used as a starting point for the numerical simulations. The analogue model
consisted of the use of white school glue and black magnetic sand to simulate the sub-lithospheric
mantle and a subducting plate, respectively. This model also included another type of sand with a
contrasting color to track deformation. The analogue model was recorded and ran for 6 min 36 s
before starting the subduction process which had additionally a duration of 1 min 26 s. From the
recorded video, images of the dynamic part were extracted each 2 s obtaining 44 images (see
Figure A-1). The pictures were exported to ImagelJ (rsh.info.nih.gov/ij) to generate graphics with
subducted area information (see Figure A-2). In addition, general data about the assembly is

shown in Table 4-1, such as viscosity, density, thickness, weight, and grain size.
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Table 4-1: Materials used and their physical properties. All measurements made with kitchen.

Weight [ Density | Grain-size | Viscosity | Thickness

Material 5
@ |kgmd)| mm) | (Pas) | (cm)
School glue 605 1027 - 21.7 6
Magnetic sand | 260 2286 0.3-0.4 -- 0.8

Quiartz sand 30 1550 0.9-1.2 -- --

4.2. Numerical model

My numerical models are based on the above-mentioned analogue model, in which mechanical
properties, such as viscosity and density were experimentally measured, which means the
computational models represented in this project are based on real parameters and observations.
However, it was necessary to include additional information on scripts to develop the models, such

as magnetic sand layer viscosity, plasticity, time scales and generation of passive tracers.

4.2.1. Parameters

To initiate the numerical model’s assembly, it was essential to define the parameters to use. I tested
different values for viscosity, density, plasticity, and plate thicknesses. After some testing runs, |

set the parameters to be used considering established concepts and theory (see Table 4-2).

First, magnetic sand as lithosphere, and school glue as upper mantle, are both considered viscous
materials because of software limitations, in particular the magnetic sand layer needed to be
considered as visco-elastic material to observe the viscous and elasticity properties after being
subjected to deformation. For that reason, it was necessary to derive an appropriate viscosity value
for the upper layer. Numerical models tests with lithospheric proportions (two orders of magnitude
difference between continental lithosphere and upper mantle; Walcott, 1970) did not work

properly, so | decided to test with double of it and better results were achieved. It was also
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necessary to define the plasticity properties, taking into consideration the real material properties
on Earth, after some testing sessions to find the value that better worked with my numerical model
dimensions and properties, the optimal results were obtained with a cohesion of 50 Pa and a
cohesion after softening of 30 Pa.

On the other hand, layer thicknesses were a close representation of the real proportion on Earth,
because in the analogue model the lithosphere is made up of 0.8 cm while sub-lithospheric mantle
had 6 cm, so they almost maintained the proportion of 100 km for lithosphere and 660 km
discontinuity (Shearer, 1990). Then layers dimensions of numerical models were established after

testing sessions, finding out the best thickness for the upper layer was 1 cm (see Figure 4- 1).

Table 4-2: Initial parameters used to develop the numerical models.

Parameter Value

Upper layer density (kg/m3) | 2286

Lower layer density (kg/m3) | 1027

Upper layer viscosity (Pa.s) | 10000 (21.7)

Lower layer viscosity (Pa.s) | 21.7

Upper layer Thickness (cm) | 1

Box dimensions (cm) 28x6.8
Resolution 0.2 x 0.075 cm per element
Cohesion =50

Slab plasticity (Pa)

Cohesion after softening = 30
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Figure 4-1: Layer thicknesses. In red: lithosphere. In blue: asthenosphere.
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4.2.2. Passive tracers

Passive tracers are individual points that store information over time about location and velocities
in models. To have a better understanding and visualization of geodynamic processes | included
three rows of passive tracers in the upper layer (see Figure 4- 2) to have the possibility to evaluate
most of the trench behavior.

Figure 4-2: Image of the location and organization of passive tracers (black dots). In red:

lithosphere. In blue: asthenosphere.

Material Field
1.0e+00 1.5 2.0e+00

= | o

However, | used the tracer that best represented the flow and allowed me to understand the
dynamic of the models (see Figure 4-3). With the information that | extracted from the chosen
tracer | made graphs of Trench-Advance that provide the velocities that each model had along the

time.
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Figure 4-3: Image of the location selected of the passive tracer used to measure the trench-advance
velocity (black dot). Inred: lithosphere. In blue: asthenosphere.

Marterial Field
1.0e+00 1.5 2.0e+00
' —

4.2.3. Software and processes

To develop the numerical models, | used my personal student computer model HP Laptop 14-
bsOxx, OS Microsoft Windows 10 Home Single Language, Intel(R) Core (TM) i3-6006U CPU @
2.00GHz, 1992 Mhz, 2 main processors, 4 logical processors, (RAM) 8,00 GB.

I developed numerical models in the Underworld/UWGeodynamics code in its version 2.10.2
(underworldcode.org) using the web-based interactive computing platform Jupyter Notebook
(jupyter.org) and Python 3.9. After having data in folders, it was visualized and analyzed by time

steps in the open-source Paraview (paraview.org).

Paraview enables the visualization of the material field, stress tensor, plastic strain field and the
velocity vectors. To show velocity vectors it was necessary to click on the Glyph option and use

the properties window to modify size, color, or any characteristic of vectors.

Values of viscous dissipation represent the energy that is produced due to the action of shear forces
that deform a viscous fluid. In this work, | used the second invariants of the stress and strain
tensors in the calculator tool to report the viscosity dissipation, following the equation (see
Equation (4.1)) suggested by Holtzman et al. (2005). Although the values of this property are

represented in W/m?, it was necessary to use the ‘Integrate Variables’ tool to integrate the values
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obtained in the whole model to generate a single value per step, so the unit obtained and shown is
W/m.

b =1+« y (41)

After that, using the option Filters > Data analysis > Integrate variables, | queried the subducted
area. Information contained on passive tracers yielded the trench velocity over time by clicking on
Information > Data arrays. Also, it was possible to extract all that information in .csv files, which
needed to be slightly modified in a spreadsheet to make graphics of variables vs time in Jupyter
Notebook. Graphs shown are about velocity trench, plastic strain in upper layer (subducting plate)
and strain rate for each layer and complete model.

4.2.4. Models

I developed three models with the same basic data in assembly (see Table 4-2), but minor
differences to evaluate the influence of boundary conditions and lithosphere layer shape. All
models are composed of two layers: the top layer in all models is composed of a material with
density of 2286 kg/m?, viscosity of 217e3 Pa.s, thickness of 1 cm, and plasticity properties with
cohesion of 50 Pa and cohesion after softening of 30 Pa. The bottom layer is composed of a
material with density of 1027 kg/m?, viscosity of 21.7 Pa.s and thickness of 5.8 cm. The resolution

used for all models was 0.2 x 0.075 cm per element.

The boundary condition on the right-hand side of the box has a frictionless behavior, while the left-
hand side has a friction behavior. In the bottom, | set a frictionless behavior as default, however |

changed that parameter in one of the models to evaluate its influence.

Every model was in action at their own time scales. Something in common is that they took a long
time to start in comparison with the total time of action. So, the first part of all models saved
checkpoints at larger time scales and in subduction events the checkpoints were saved at smaller

time intervals.
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In all models the plots about subducted area, subduction rate and viscous dissipation of the
lithosphere are made with data of a cross-section, where | considered the values of subduction
were taken below the 2 cm of depth in the model. This, to avoid getting information about parts of

the lithosphere that could never subduct.
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5. Results and Analysis

5.1. Results

The objectives and results of this work represent a new outlook of numerical models, giving
examples and tools to undergraduate students, which they could use to develop their own
numerical models and explore them with different parameters. For that reason, | provide a practical
guide to Geology Students (see Appendix B) with instructions of software downloads, access, and
Python scripts to run basic models with their preferences. The first model is the point of reference
for the next models, so | ran one model with the basic properties | described above, and the second

and third models were run with minor differences.

5.1.1. Model 1

This model (see Model 1.mpg) was initially run for a duration of 15 hours with a checkpoint every
1 hour. | then restarted the model to run for another 11 minutes with a checkpoint every 5 seconds,
this process was necessary to better observe the dynamics of the model. In this model, two
different events of subduction were formed. The lithosphere took around 13 hours to start
weakening (see Figure 5-1a) and for around the 15 hours the zones of weakness showed smaller
values of viscosity and stress tensor (see Figure 5-1b). However, it was not until 15 hours and 7
minutes approximately that the first event of subduction was initiated. That first event had a
duration of 45 seconds until the slab began to thin out (see Figure 5-1¢c and 5-1d). After that, the
poloidal flow in the system promoted the drop of another slab (see Figure 5-1e), which had a
duration of 55 seconds until it had a breakthrough and ended the action having a slight trench
retreat during the last 20 seconds of motion. The highest values of plastic strain were given in the
zones where the slab had extension as it was being subducted. This model was frictionless at the
bottom, so this property allowed the slabs to slip easily once they reached the bottom of the

experiment. The model ends up with unsubducted lithosphere parts on each side (see Figure 5-1f).


https://drive.google.com/file/d/1fkXiWUDMHaVJHpOOeVA9wVMYreZmi8z8/view?usp=sharing
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Figure 5-1: Selected image captures of the evolution of Model 1. The upper panel in each figure
represents the viscosity field in the model, the middle panel represents the horizontal normal stress
tensor field, the bottom panel shows the two materials in the model and in shades of orange the
plastic strain field is represented. Black arrows represent poloidal flows within the asthenosphere
induced by the sinking slab.
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The trench advance of this model showed velocities with speeds of 1e7 cm/s, that reaches values of
1.2e7 cm/s in the first peak that occur after 15.12 hours (see Figure 5-2a), which corresponds to
the first event of subduction observed in the model. Then, at 15.13 hours the trench velocity slows
down, and after that increases again reaching 1.2e7 cm/s, but then decreases to less than 1e7 and
immediately reaches its high value again, and finally stops abruptly at 15.14 hours. Subsequently,
the direction of the movement slightly changed at the end of the model; this episode is related to a
trench retreat that reaches around 0.2e7 cm/s. In general, the first event of subduction was a single
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event with a linear behavior, but the second event of subduction contained 3 fluctuations that could
be described as 3 sub-events.

Plastic strain plot (see Figure 5-2b) has an almost linear behavior that initiates in minimum value
of 0 and ends at a maximum value of 5.5e-9 approximately. The plot presents a small curvature
that separates the two different subduction events, given after 15.13 hours with a value of 2e-9,
when the second event initiates. When the second event ends, after 15.15 hours, the values of
plastic strain become almost constant and kept like that until the model is finished. So, the
maximum value of plastic strain reached, represents the plastic deformation found in this dynamic
system. The plastic strain is given as the slabs are being affected by the flows causing its

elongation during dynamic and compression after being close to the bottom.

Viscous dissipation plots are made from total model and lithosphere information, to evaluate if
they are similar or not (see Figure 5-2c and 5-2d). The behavior observed is that the peak viscous
dissipation in the lithosphere (with values between ~ 2.5e-9 W/m and ~ 3.5e-9 W/m) are always
lower than any peak value for the whole-model (maximums near 1.2e-8 W/m). In the viscous
dissipation plot for the whole-model, the first event of subduction represents the higher values in
the system, while the second event started with a high value but then progressively decreased to
reach ~ 0.8e-8 W/m. On the other hand, in the viscous dissipation plot of the lithosphere, the first
event represents the lower value with ~ 2.5e-9W/m, while the second event represents a

progressive increase in values that reach ~ 3.5e-9 W/m.

The subducted area plot (see Figure 5-2e) shows the cumulative area of the lithosphere that is
subducted with time. The lithosphere started to be subducted after the 15.12 hours and the area
subducted reached the 10 cm? in the first event that ended after the 15.13 hour, giving way to the
second event. That second event consumed around 15 cm? of lithosphere area, so when the motion
was finished, at 15.15 hours approximately, the subducted area kept constant with a total of 25
cm?. The behavior of the subducted area plot is related to the plastic strain plot because the more

lithosphere area is subducted the more material is deformed.
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Finally, the subduction rate plot (see Figure 5-2f) shows that the first event of subduction
contained the largest subducted area in a single event, because the rest of the area was subducted
during the second event of subduction which included 3 sub-events. So, the first peak that
surpasses the 0.4 cm? is related to the first event. And then, the second event contains two sub-
events after 15.13 until 15.14 hours that also reach 0.4 cm?, but the third sub-event was below 0.3

cm?. At the end, after 15.15 hours it is not more area subducted.

Figure 5-2: Information plots about the time evolution of Model 1: a) Trench Advance, b) Plastic

Strain, ¢) Viscous Dissipation of total model Asthenosphere-Lithosphere, d) Viscous Dissipation of

Lithosphere only, €) Subducted area and f) Subduction Rate.
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5.1.2. Model 2

The second model (see Model 2.mpg) was initially run for a duration of 15 hours with a checkpoint
every 1 hour. Then, | restarted the model to run another 11 minutes with a checkpoint every 5
seconds, so in total the model ran for 15 hour 11 minutes. | changed the parameter of the bottom
boundary condition in this model, so the bottom is frictional to evaluate the behavior of slabs with

this property.

The model presents two different events of subduction. In this case, the lithosphere also took
around 13 hours to start the weakening (see Figure 5-3a) and took for around 15 hours to present
clearly zones of weakness reflected in viscosity and stress tensor values (see Figure 5-3b). The
motion initiated at 15 hours 7 minutes approximately with the first event of subduction (see Figure
5-3c). This first event had a duration of 40 seconds until the slab began to thin out (see Figure 5-
3d). While the first slab was breaking up, the flows in the system helped to initiate another event of
subduction (see Figure 5-3e), which had a duration of 70 seconds until it had a breakthrough and
ended the action. Approximately during the last 35 seconds of the second event of subduction, the

model presented a trench retreat.

The maximum values for plastic strain were in slabs when going through elongation or
compression. The frictional condition of the bottom did not allow the easy slip of slabs. The slabs
tended to compress as soon as the bottom was reached. Like Model 1, this second model ends up

with unsubducted lithosphere parts on each side of the box (see Figure 5-3f).


https://drive.google.com/file/d/1g-XY4oB1cT5cRLjBOdTUTU_mJUlxG-vY/view?usp=sharing
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Figure 5-3: Selected image captures of the evolution of Model 2. The upper panel in each figure
represents the viscosity field in the model, the middle panel represents the horizontal normal stress
tensor field, the bottom panel shows the two materials in the model and in shades of orange the
plastic strain field is represented. Black arrows represent poloidal flows within the asthenosphere

induced by the sinking slab.
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The trench advance of this model shows velocities with maximum speeds of 1e7 cm/s, that are
reflected in the first peak that occur between 15.12 and 15.13 hours (see Figure 5-4a). This first
peak represents the first event of subduction, so that is the fastest dynamic in the model. Then, at
15.13 hours the trench velocity slows down, and after that increases again before 15.14 hours
almost reaching 1e7 cm/s, but then decreases to less than 0.6e7 and immediately reaches its high
value again, and finally stops abruptly between 15.14 and 15.15 hours. Subsequently, the direction
of the movement slightly changed at the end of the model, being related to a trench retreat that
reaches less than 0.2e7 cm/s and shows fluctuation behavior until almost 15.16 hours.
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The plastic strain plot (see Figure 5-4b) also has a linear behavior that initiates in 0 and ends at a
maximum value of ~ 7e-9. In this case the plot does not show a significant curvature, however it is
possible to observe a light intersection between 15.13 and 15.14 hours that is related with the end
of the first event of subduction, having a value of ~ 2e-9. Since that moment, the values continue to

increase until they reach the maximum value that is the total plastic deformation the system had.

Viscous dissipation plots (see Figure 5-4c and 5-4d) also demonstrate that the peak viscous
dissipation in the lithosphere (with values between ~ 2e-9 W/m and ~ 3.5e-9 W/m) are always
lower than any peak value for the whole-model (maximums near 1.2e-8 W/m). In the viscous
dissipation plot of the lithosphere, the first event represents the lower value with ~ 2e-9W/m, while
the second event represents a progressive increase that reaches ~ 3.5e-9 W/m between 15.13 and
13.15 hours. On the other hand, in the viscous dissipation plot for the whole-model, the first event
of subduction represents the higher values in the system with ~ 1.2e-8 W/m, while the second
event started with a high value but then progressively declined to reach less than ~ 0.6e-8 W/m.

The subducted area plot (see Figure 5-4e) shows that the lithosphere started to be subducted after
15.12 hours and the area subducted reached less than 10 cm? in the first event that ended between
15.13 and 15.14 hours. The second event, that also includes 3 sub-events, shows light intersections
that allow the identification of the 3 peaks that are clearly observed in other plots. In total, the
second event consumed around 15 cm2 of lithosphere area, so when the motion was finished, after

15.15 hours, the subducted area kept constant with a total of 25 cm2.

Eventually, the subduction rate plot (see Figure 5-4f) also shows that the first event of subduction
contained the largest subducted area in a single event, because the rest of the area was subducted
during the second event of subduction which included 3 sub-events. So, the first peak that almost
reaches 0.4 cm2 is related to the first event. And then, the second event contains two sub-events
after 15.13 until 15.15 hours that reach 0.4 cm? and 0.35 cm?, respectively. But the third sub-event

reached ~0.25 cm?. At the end, at 15.16 hours it is not more area subducted.
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Figure 5-4: Information plots about the time evolution of Model 2: a) Trench Advance, b) Plastic
Strain, ¢) Viscous Dissipation of total model Asthenosphere-Lithosphere, d) Viscous Dissipation of
Lithosphere only, e) Subducted area and f) Subduction Rate.
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5.1.3. Model 3

The third model (see Model 3.mpg) was initially run for 40 minutes, saving checkpoints every 10
minutes. The action during this time was not so dynamic, so, | restarted the model to run another
20 minutes with a checkpoint every 15 seconds. In total the model ran for a duration of 60 minutes.
Having the Model 1 as the base model, the Model 3 had a change in its lithosphere layer. In this
case, the lithosphere layer has a gap of 2 cm on the right-hand side of the box to evaluate the

behavior of flows and weak zones (see Figure 5-5a).


https://drive.google.com/file/d/1gld252T36_zfRiDr4qB256rv2t73DAvP/view?usp=sharing
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In general, this model presented 4 different events of subduction. Since the initial moment, the
lithosphere started to have an advance without being subducted and took around 41.7 minutes to
start the motion that evidenced the weak zones with low values of viscosity (see Figure 5-5b). In
that moment, the first slab was formed and had a duration of 90 seconds until the slab began to thin
out (see Figure 5-5¢ and 5-5d). After that, the lithosphere remained a trench advance without
subduction for 240 seconds, until the initiation of the second event of subduction. The second slab
subduction (see Figure 5-5¢) had a duration of 60 seconds until it thinned out and broke. Then,
another time interval of trench advance without subduction was presented for 360 seconds.
Subsequently, the third slab subduction was promoted (see Figure 5-5f) and it also took 60 second
until its breaking. Finally, the remaining part of the lithosphere was almost static (see Figure 5-5g)
for 60 seconds before giving way to the last event of subduction (see Figure 5-5h) that had a
duration of approximately 75 seconds. After that, the dynamic in the model was finished with a

total duration of ~ 15.7 minutes.
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Figure 5-5: Selected image captures of the evolution of Model 3. The upper panel in each figure
represents the viscosity field in the model, the middle panel represents the horizontal normal stress
tensor field, the bottom panel shows the two materials in the model and in shades of orange the
plastic strain field is represented. Black arrows represent poloidal flows within the asthenosphere

induced by the sinking slab.
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The trench advance plot (see Figure 5-6a) shows that this model reaches velocities with speeds of
1e6 cm/s. Considering that the third model has 4 different events of subduction and that they are
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separated by time intervals without action, | will describe the 4 important peaks, without
mentioning the time lapses that are not dynamics. So, the first event that occurred before 42.5
minutes reached 6e6 cm/s, the second peak surpassed 5e6 cm/s before 47.5 minutes, the third peak
surpassed 7e6 cm/s between 52.5 and 55 minutes and the last one reached ~ 7e6 cm/s. The lower
peak is the one that corresponds to the second event, while the higher peak corresponds to the third

event of subduction.

The plastic strain plot (see Figure 5-6b) has a behavior that simulates stairs because of the events
of subduction that are separated for inactive time lapses. The first increase is presented at 42.5
minutes reaching a value of 2e-9. Then, at 47.5 minutes the plastic strain value increased to ~ 4e-9
and remained constant until the third event at approximately 55 minutes, where it reached ~ 6e-9.
Finally, around 57.5 minutes the plastic strain value surpassed the 8e-9 and remained until the

dynamic was finished.

For this Model, viscous dissipation plots (see Figure 5-6¢ and 5-6d) have a different behavior in
comparison with Model 1 and Model 2. In this case, the order of magnitude for values are the same
for the whole-model viscous dissipation plot and lithosphere viscous dissipation plot, having
values with magnitude of 1e-9. Higher peaks found in the lithosphere viscous dissipation plot are
related with the first and third model, and the same happens in the whole-model viscous dissipation
plot. At 42.5 minutes the viscous dissipation in the whole-model reaches 8e-9 W/m, while the
viscous dissipation in the lithosphere reaches almost 3e-9 W/m. Then, at 47.5 minutes, the second
event in the whole-model had a viscous dissipation value that surpassed the 4e-9 W/m and in the
lithosphere the value reached almost 2.5e-9 W/m. The third peak, that occurred before the 55
minutes, had a value of viscous dissipation in the whole-model of almost 9e-9 W/m, while the
viscous dissipation in the lithosphere reached almost 3e-9 W/m. Finally, the last event had a value
of almost 5e-9 W/m in the whole-model and ~ 1.5e-9 W/m of viscous dissipation in the

lithosphere.

The subducted area plot (see Figure 5-6e) shows that before the dynamic starting the area
subducted was already 5 cm? and in the first event of subduction at 42.5 minutes the area reached

15 cm?. Then the plot kept constant until 47.5 minutes when the second event was formed and
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reached more than 20 cm? The area remained constant until the next event at 55 minutes
approximately and reached ~30 cm?. Then, in the final event the subducted area reached more than

35 cm?. At the end of the model, the full area was subducted. About the subduction rate plot (see

Figure 5-6f), it shows the same behavior of peaks, the first event represents a high value, the

second-one represents a lower value, then the third increases and the last-one scales down again.

During the first event the maximum value of area subducted was almost 0.25 cm? and in the second

event of subduction the maximum value of area subducted in an instant of time was less than 0.2

cm?. Then, a bit more of 0.2 cm? was the maximum area subducted during the third event in an

instant. And finally, the last event was less than 0.2cm?2,

Figure 5-6: Information plots about the time evolution of Model 3: a) Trench Advance, b) Plastic
Strain, c¢) Viscous Dissipation of total model Asthenosphere-Lithosphere, d) Viscous Dissipation of

Lithosphere only, €) Subducted area and f) Subduction Rate.
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5.2. Analysis of results

In this section, | compare the impact of minor parameter changes on the final outcome of three
models. The first parameter change evaluated was the bottom boundary condition and the second

parameter is the lithosphere layer geometry.

In numerical models, it is usual to define a boundary condition at the bottom, linking it with the
660 km discontinuity. Quinquis et al. (2011) studied the influence of boundary conditions in
numerical models of subduction that included the lower mantle to evaluate slabs behavior. That
study stated that considering a free-slip boundary condition at the bottom makes easier the slab
sliding and bending, and eventually, the slab folding; but considering a non-slip boundary
condition, if lower mantle properties were defined and included in the dynamic system, the slab
would be forced to try to penetrate the lower mantle.

Boundary conditions in numerical models are important because they are able to affect the
subduction motion depending on the used far-field boundary condition (Capitanio et al., 2010). In
this case, the variation of boundary conditions in the bottom of the model promoted some
differences between Model 1 (frictionless behavior) and Model 2 (frictional behavior). Firstly, in
Model 1 the slabs had the possibility to freely slide after hitting the bottom of the box, allowing the
slab formed in the first event of subduction to spread before thinning out and breaking, in
comparison with Model 2. For that reason, in Model 2 it is possible to observe that the first slab

took less material from the lithosphere layer than the first slab in Model 1.

Also, the boundary condition of the bottom affected the time frame in which the models were
developed. In Model 1 the initiation of motion was earlier than in Model 2, taking into
consideration that dynamic in Model 1 started before 15.12 and finished after 15.15 hours, while
Model 2 started after 15.12 and finished at almost 15.16 hours. That means that the boundary
conditions at the bottom had influence in the dynamic of the system. Subsequently, it affected the
values of velocities of trench advance, Model 1 being the one with higher speeds, smoother
lithosphere subduction, and further advancement of the trench during the first slab. Basically, the

influence of a frictionless boundary condition at the bottom resulted in a more dynamic system that


https://www.zotero.org/google-docs/?Q2zInp
https://www.zotero.org/google-docs/?eLNcSS
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promoted farther slab sliding. In both Model 1 and Model 2, when events of subduction were
finishing, the folded slabs increased their angle of subduction until being almost vertical and this
caused a slight retreat in the trench during the last seconds of motion.

On the other hand, Model 3 had a large difference in the shape of the lithosphere layer. In this case,
the lithosphere contained a gap of 2 cm that promoted the faster initiation of subduction in the
system. For this model, the dynamic system promoted the weakness on the right edge of the
lithosphere layer, because of the gap that allowed the push of the poloidal flows, thus the motion
onset. The time needed for Model 3 to start subduction was considerably less than Model 1 and

Model 2, because of the 2 cm gap nucleated deformation early on.

The formation of 4 different events of subduction in Model 3 consisted of slab thinning, promoting
its breaking up after not having the possibility to continue sliding. The balanced dynamics of the
system made the Model 3 to have lower values of velocity than the other two models. In general,
all results from Model 3 were more uniform, in relation to the different events of subduction; for
that reason, all peaks that represent each event have the same behavior in all plots. Also, values of
viscous dissipation with the same order of magnitude, and the same peaks in the whole-model and

lithosphere demonstrate that the system is better balanced.

All models have in common the slab tearings and this characteristic is also observed in the
analogue model that was made for a Structural Geology class (see Figure A-2). In the analogue
model, the slab tearings were related with short-lived events of subduction, however, in my

numerical models the slab tearings are related with significant events of subduction.

Another similarity between the analogue and numerical models is the time scale. The analogue
model took 6 min 36 s to start the subduction process and the dynamic had a duration of 1 min 26
s, this means that the time of onset of action was greater by about 4.6 times the time of duration of
the subduction dynamics. Numerical Models 1 and 2 took around 15 hours to show significant
changes and additionally the motion of the models had a duration of less than 11 minutes, this

means that the time of onset of action has a time scale difference for around 81.8 times with the
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time of duration of the subduction dynamics. Finally, Model 3 took 40 minutes to start the motion
and took for about 15 minutes more to complete the subduction events, this means that the time of
onset of motion was greater by about 2.6 times the time of duration of the subduction dynamics.
By this way, it is possible to find relationships about the proportions of time scales between the
analogue model and numerical Model 3, because the difference is less than double and much

smaller than compared to Model 1 and Model 2.

About velocities, Capitanio et al., (2010) shows that it is possible to surpass velocities of 10 cm/yr
in real subduction zones (S. Fiji and l1zu-Bonin). In my numerical models, due to the high-density
differences between the layers, they all show trench advance speeds of order of magnitude of ~ 1e6
and ~ 1e7 cm/s. So, the velocities in the small-scale numerical models are a congruent proportion

of the maximum velocities registered in real conditions.
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6. Conclusions

In conclusion, numerical models usually represent a limitation to undergraduate students because
of the difficult access to the computational tools that it requires. However, in this work | show that
numerical methods can be used at the under-graduate level and provide a practical guide that
undergraduate students can easily use with their personal or student computers. Using this work as
a point of reference, undergraduate students will be able to perform their own numerical models

and get involved in the understanding of geodynamic processes such as subduction dynamics.

The models reported here demonstrate the influence of boundary conditions at the bottom. In
Model 1, with a free-slip boundary condition at the bottom, the slab has the possibility to easily
slip, spread further, and last longer; it also allows faster speeds of the trench advance. Model 2 in
contrast, with a non-slip boundary condition at the bottom, causes slab folding as soon as the slab
hits the bottom, which in turn promotes their earlier thinning and tearing, and trench advance lasts
less. Regarding Model 3, an imposed gap in the lithosphere layer promoted the faster subduction
onset, because it simulated a premeditated weakness in the system. So, this imposed gap
represented a better-balanced numerical model, which had uniformity in trench advance speeds,
congruence in viscous dissipation in the whole-model and lithosphere-only, and a periodic way of
subducting the lithosphere. The trench advance velocities registered in the numerical models that
relied on a high-density material that was dropped into a much less dense material, promoted a
high order of magnitude of velocities (1e6 and 1e7), however these results can be a great small-
scale representation of high subduction velocities in real conditions. Finally, all models
demonstrated the functionality of numerical methods based on real properties extracted from a
tangible situation, such as an analogue model with accessible materials. They also had similar
behaviors in terms of multiple slab tearings. However, among all the models, the Model 3 is the

one that has a better approached to the analogue model in terms of time scale.
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A. Appendix: Results from Analogue Model

Figure A-1: Selected image captures of the evolution of the analogue model discussed in the text.
Strain markers are numbered and tracked throughout the experiment. Elapsed time in each capture
refers to the time elapsed since the initiation of motion.

a) Elapsed time 0:10 sec b) Elapsed time 0:16 sec C) Elapsed time 0:18 sec d) Elapsed time 0:22 sec

e) Elapsed time 0:28 sec g) h) Elapsed time 0:52 sec

I) Elapsed time 0:58 sec J) Elapsed time 1:00 min k) Elapsed time 1:02 min |)
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Figure A-2: Rate of subduction measured as area of the magnetic sand layer consumed every 2s.
a) Cumulative plot of subducted area showing that trench advance and lengthening is characterized
by a gradual increase in subduction rate. Once the trench becomes stationary, the subduction rate
gradually slows down to zero. b) Instantaneous subduction rate measured as area lost in each
image capture; note that the climax of subduction marks the moment that the trench becomes
stationary when the black sand layer is being consumed in both sides of the subduction zone after

vertical-axis rotation of 180° brings sand layer around the trench.
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B. Appendix: Practical guide for structural
geology class

This practical guide pretends to help undergraduate students to develop their own numerical
models with real parameters or parameters of their preference. This, to promote the development of
basic numerical models that simulates high-scales geodynamic processes, without major

limitations.

1. Docker is an open platform for developing, shipping, and running applications. This is the
software that you would use to create your own container and run your models. Download here:

https://docs.docker.com/get-docker/. Be sure to confirm the system requirements.

2. After having the access to the software installed, go to your terminal, and paste docker pull
underworldcode/uwgeodynamics

Wait until the image download is complete.

3. Go to Images > underworldcode/uwgeodynamics > run > optional settings:

Name your container

Local Host: 8887

Host Path: select the directory of your choice or create a new folder for your models

Container Path: /home/jovyan/workspace

4. Go to Containers. Select the new container and copy the token. Then, select open in the
browser and paste the token. Now you have access to the Jupyter Notebook.

5. Go to “Workspace’, create a new Notebook Python 3 and add cells to paste the script that
is shown below.

6. After running your models, you can visualize them in Paraview. Go to

https://www.paraview.org/download/

7. In paraview, go to file > open > select the directory > XDMF.field...xmf > XDMF reader.

To open tracers’ files it is necessary to do the same process and select ‘slabl.xmf’. *Slabl is the


https://docs.docker.com/get-docker/
https://www.paraview.org/download/
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name of the file that saves information about one of the rows of tracers. You need to repeat the step
for each row of tracers (slab 1, slab 2, slab 3). After adding files you need to press Apply to enable
functions.

8. Active the view of files. Select projMaterialField to explore other parameters, such as
density field, stress field, stress tensor, plastic strain, etc. Go to view > color map editor, to change
color palettes, edit letter fonts, use log scale, etc.

9. Review Paraview User’s Guide https://docs.paraview.org/en/latest/

#Import packages and functions needed
import UWGeodynamics as GEO
import numpy as np

from underworld import function as fn
from UWGeodynamics import visualisation as glucifer
from underworld import function as fn
u = GEO.UnitRegistry

import math

import numpy as np

import 0s

import scipy

#Here you define the units
GEO.rcParams["velocityField.Slunits"]= u.cm/u.sec
GEO.rcParams["timeField.Slunits"]= u.sec
GEO.rcParams["time.Slunits"]= u.sec
GEO.rcParams["projTimeField.Slunits'"]= u.sec

#Materials values

mantleViscosity_asthenos=(21.7*u.pascals*u.second) #Here enter the viscosity of the viscous fluid
material

slabViscosity_lithos=(10000*(21.7)*u.pascals*u.second) #Try to find the best proportion for the
slab viscosity

mantleDensity _asthenos=1027* u.kilogram / u.meter**3
slabDensity_lithos=2286* u.kilogram / u.meter**3

#Scalling

#Units

u = GEO.UnitRegistry

#Rebecca et al., Scaling

dRho = (slabDensity_lithos-mantleDensity_asthenos)
g = 9.8*u.meter/u.second**2

H =6.8* u.centimeter



https://docs.paraview.org/en/latest/
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# lithostatic pressure for mass-time-length
ref_stress=dRho*g*H

# viscosity of upper mante for mass-time-length
ref_viscosity = mantleViscosity asthenos

#References

ref_time = ref_viscosity/ref_stress

ref length =H

ref_mass = (ref_viscosity*ref_length*ref_time)

KL =ref_length
KM = ref_mass
Kt =ref_time

GEO.scaling_coefficients["[length]"] = KL
GEO.scaling_coefficients["[time]"] = Kt
GEO.scaling_coefficients["[mass]"]= KM

#Model Output Folder

outputPath= "Here you name the folder of your model"
dim=2

#Model Resolution
nEls=(70,45) #Here you can try better resolutions, however the model run will last longer

#Model Dimensions
boxLength = 28 * u.centimeter
boxHeight = 6.8 * u.centimeter

#Define your vertical unit vector using a python tuple
g_mag = 9.8 * u.meter / u.second**2

if dim==2:
minCoord = (0., -boxHeight)
maxCoord = (boxLength, 0.)
gvec =(0.0,-1.0*g mag)

else:
minCoord = (0., -boxHeight, 0.)
maxCoord = (boxLength, 0., boxWidth)
g vec =(0.0,-1.0*g_mag,0.0)

Model = GEO.Model(elementRes = nEls,
minCoord = minCoord,
maxCoord = maxCoord,
gravity =g_Vec,
outputDir = outputPath)

#Here you have two options to run your models. The first one is the complete lithosphere layer and
the second one is a polygon with 4 vertices in the place of your choice
#Remember to comment the option you won't use
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#Option 1

#model Materials

mantle=Model.add_material(name="Mantle_asthenos", shape=GEQ.shapes.Layer(top=Model.top,
bottom=Model.bottom))

slab=Model.add_material(name="slab_lithos", shape=GEO.shapes.Layer(top=0.*u.kilometer,
bottom=-1*u.centimeter)) #Here you can modify the lithosphere tickness

HHHHHHHH

#Option 2
#Here you define the vertices of the polygon
plate_shape=[(0 * u.cm, 0 * u.cm),

(26 * u.cm,0 * u.cm),

(26 * u.cm,-1 * u.cm),

(0 * u.cm,-1 * u.cm),

]
plate_shape=GEO.shapes.Polygon(plate_shape)

#model Materials

mantle=Model.add_material(name="Mantle_asthenos", shape=GEQ.shapes.Layer(top=Model.top,
bottom=Model.bottom))

slab=Model.add_material(name="slab_lithos", shape=plate_shape)

#Preview of 2D materials-Materials Field (from swarm)

Fig = glucifer.Figure(figsize=(1200,400))

Fig.Points(Model.swarm, Model.materialField,fn_size=2.0, discrete=True)
#Fig.Surface(Model.mesh,Model.projMaterialField,fn_size=2.0)
Fig.show()

#Viscosity
mantle.viscosity=mantleViscosity_asthenos
slab.viscosity=slabViscosity _lithos

slab.minViscosity=((21.7*10)*u.pascals*u.second) # Here you define the minimum viscosity that
could have the dynamic system

#Density
mantle.density=mantleDensity_asthenos
slab.density=slabDensity_lithos

#Plasticity

slab.plasticity=GEO.VonMises(cohesion=50.* u.pascals,cohesionAfterSoftening=30. * u.pascals)
#Here you define the plasticity of the lithosphere layer

#mantle.plasticity= #The mantle is only viscous
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import 0s

try:
os.mkdir(outputPath)

except FileExistsError:
pass

#Time

#This part saves the time data of your models

store = glucifer.Store("'store™)

figure_one = glucifer.Figure(store, figsize=(1200,400))
figure_one.append(Fig.Points(Model.swarm, fn_colour=Model.materialField, opacity=0.5,
fn_size=2.0))

store.step =0

fout = outputPath+'/FrequentOutput.dat’
if rank ==0:
with open(fout,'a’) as f:
f.write(‘#step\t time(second)\t Vrms(cm/yr)\n')

def post_solve _hook():
vrms = Model.stokes SLE.velocity rms()
step = Model.step
time = Model.time.m_as(u.second)

if rank == 0:
with open(fout,'a’) as f:
f.write(f"{stepF\t{time:5e\t{vrms:5e}\n")
store.step +=1

Model.post_solve_functions["'Measurements"] = post_solve_hook

#You work here on the passive tracers
def to2Darray(array_x,array_y):
tracers=np.zeros((len(array_x),2))
counter=0
fori,j in zip(array_x,array_y):

tracers[counter][0]=GEO.nd(i.magnitude* u.cm)
tracers[counter][1]=GEO.nd(j.magnitude* u.cm)

counter=counter+1
return tracers

x=np.linspace(0,28,100)*u.cm #(y1, y2, number of tracers)
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y=(x*0*u.cm)*u.cm
w=(x*0-0.5*u.cm)*u.cm # depth of rows
z=(x*0-1*u.cm)*u.cm

slabl=Model.add_passive_tracers(name="Slab1" vertices=to2Darray(X,y))
slab2=Model.add_passive_tracers(name="Slab2" vertices=to2Darray(x,w))
slab3=Model.add_passive_tracers(name="Slab3" vertices=to2Darray(x,z))

Fig = glucifer.Figure(figsize=(1200,400))

Fig.Points(slabl, pointSize=5.0)

Fig.Points(slab2, pointSize=5.0)

Fig.Points(slab3, pointSize=5.0)

Fig.Points(Model.swarm, Model.materialField, fn_size=3.0)
Fig.show()

#Here you assign velocity fields to the tracers

slabl.add tracked_field(Model.velocityField[0],
name="Subducting plate velocity X",
units=u.centimeter/ u.year,
dataType="float")

slabl.add_tracked_field(Model.velocityField[1],
name="Subducting plate velocity_Y",
units=u.centimeter/ u.year,
dataType="float")

slab2.add_tracked_field(Model.velocityField[0],
name="Subducting plate velocity X",
units=u.centimeter/ u.year,
dataType="float™)

slab2.add_tracked_field(Model.velocityField[1],
name="Subducting plate velocity_Y",
units=u.centimeter/ u.year,
dataType="float")

slab3.add_tracked_field(Model.velocityField[0],
name="Subducting plate velocity X",
units=u.centimeter/ u.year,
dataType="float")

slab3.add_tracked_field(Model.velocityField[1],
name="Subducting plate velocity_Y",
units=u.centimeter/ u.year,
dataType="float")

#Here you can modify the Velocity Boundary Conditions
#(x,y) None=free slip O=non-slip
Model.set_velocityBCs(left=[0.,0.], #left side of the box
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right=[0.,None], # right side of the box
bottom=[None, 0.],  #bottom of the box
top=[None, 0.]) #top of the box

Model.init_model()

#Solver Parameters
Model.solver.set_inner_method("lu")
Model.solver.set_penalty(1e6)
GEO.rcParams["initial.nonlinear.tolerance"] = le-4

#Data to Save
outputss=['pressureField',
'strainRateField',
'velocityField',
‘projStressField’,
'projMaterialField’,
‘projViscosityField',
'projStressField’,
"projTimeField",
'projPlasticStrain’,
'projDensityField’,
'projStressTensor',

GEO.rcParams['default.outputs]=outputss

#Duration of models
#Running Model (Time)
Model.run_for(duration=40.*u.minute,checkpoint_interval=10*u.minute)

#Running Model (Steps)
Model.run_for(nstep=400,checkpoint_interval=10)

#Preview of 2D materials-Materials Field (from swarm)

Fig = glucifer.Figure(figsize=(1200,400))

Fig.Points(Model.swarm, Model.materialField,fn_size=2.0, discrete=True)
#Fig.Surface(Model.mesh,Model.projMaterialField,fn_size=2.0)
Fig.show()

Fig.save("Figure.png")
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