UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

A REGIONAL MODEL TO TEST THE CONCEPT OF
GLOBAL EASTWARD MANTLE FLOW

USING FINITE ELEMENTS

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfilment of the requirements of the
Degree of

DOCTOR OF PHILOSOPHY

By

PAUL MCCOLGAN
Norman, Oklahoma
2009



A REGIONAL MODEL TO TEST THE CONCEPT OF
GLOBAL EASTWARD MANTLE FLOW
USING FINITE ELEMENTS

A DISSERTATION APPROVED FOR THE
CONOCOPHILLIPS SCHOOL OF GEOLOGY AND GEOPHYSICS

Barry L. Weaver, Committee Chair

Richard D. Elmore

Dean S. Oliver

M. Charles Gilbert

Raymond L. Brown



© Copyright by PAUL MCCOLGAN 2009
All Rights Reserved



DEDICATION

To my wife Nora
No words could possibly express my gratitude to your endless patience though this

journey that took countless hours from our marriage other than:

“We both earned this”

With all my love

Paul



ACKNOWLEDGEMENTS

| would very much like to acknowledge the guidance of the ddctora
committee for their willingness to participate and contribute his tlissertation
through numerous comments and editorial suggestions to this paper such that | hope it
will be both interesting to those that read it as well as raadkignificant contribution

to the theory of plate tectonics and the drive mechanism behind it.

| would especially like to thank Dr. Barry Weaver for acceptimg position
of committee chairman on such short notice. In addition, while | consigeelf to
have very good technical skills, I must admit to having only faitirvgr skills. Dr.
Weaver’s extraordinary patience in both reading and editing thishtert is greatly
appreciated! | also very much appreciate his moral support to keemawviag
forward during times when | was ready to throw in the towel and just wall &ram

it all.

| would also like to thank Dr. Peter Bird for supplying the finiteneent
program SHELLS used in this study, along with all of the supportifigvare and
several input data volumes. In addition | would like to thank him for sumplyin
numerous comments and ideas to improve the overall scientifi¢ aidihie study

based on his expertise in both the subject matter and software utilization.

| would like to thank Dr. EImore for addressing several of the caampdns
that came up during the process of writing this dissertatiola. department head it is

often easier to push difficult issues to the side than to deal with them directly.



Dr. Elmore has demonstrated to me that he is both a fair andnplistdual by
making sure that both the needs of the student and the requirements of academic merit

are met.

| would like to thank Donna Mullins for the countless number of times she
assisted me in traversing the gauntlet of policies and procedaugseteby both the
school of geology and geophysics and graduate college during theigigsyears. |
also very much appreciated all of her support during these yeara. past-time
student, it is extraordinarily difficult to keep up with everyththgt is going on or
needs to be done in order to graduate. However, | am just one samsiemg many

that Donna has looked after, and for that it has been an honor to know her.

| would like to thank Dr. Betty Britt for her council to Nora andulring some
of the most trying times of our lives. We have learned much abowgleessand each

other thanks to you.

| also have to recognize my faithful little companion Topasm (cat) for the
countless hours she spent by my side during these past eightagea ran model
upon model and typed the dissertation well into the morning hours. You kreow it’
time to call it a night when your cat leaves you at 3 AM fdagker quieter room in

the house.



TABLE OF CONTENTS PAGE

LISt OF TADIES ..ottt e e e e e e e e e as Vil
S o T[S Vil
LiSt Of APPENUICES ...uuniiie it e e e e e e e e e e et e e e e e e e e e aeeaeeeeenennnnes XViii
Y 013 = Lo PP PPPPPPRI XiX
Chapter 1 10T (3o 1o o 1
Chapter 2 METNOA ... .o ———— 12
Chapter 3 Model Definition and ConStruCtion .........cccceevvieeeeeiiiieiieee e 15
3.1 Model DefiNItION.....cceeiiiiiiiiieiee e e e 15
3.2 Finite Element Grid CONSIIUCHION ..........cuviiiiiiiiiiiiiiiicieeeee e 17
Chapter 4  Methodology for Validating Model ReSults ..............vvveiiiiiiiiieeeeennn, 22
Chapter 5  SensSitiVity ANAIYSES ........covvviiiiiiiiiiii e e e e e e aeees 30
5.1 Parameters Tested Using Eastward Basal Flow Only.......................... 30
5.1.1 Sensitivity Analysis of Eastward Parameters .............cccc........ 31
5.1.2 Sensitivity of Model to Direction of Basal Velocity .............. 42
Chapter 6 RESUIES .. e 46
6.1 Results Based on Lowest Average Velocity Misfit Using Only
a Due East Basal Velocity Field ... 46
6.2 Results Using Velocity and Direction of Cocos Plate ............ccccee...... 48
6.3 Results of Eastward Model with Refined Parameters.......................... 53
6.3.1 Qualitative Review of Eastward Basal Models ...................... 53
6.3.2 Quantitative Review of Model results ............ccocovvviiiiiiinnnn, 64
6.3.3 Evaluation of Entire Model Using ORBSCORE..................... 64
6.3.4 Detailed Examination of Caribbean Plate Results using
Individual GPS Station Data within the Plate....................... 67
6.3.5 Detailed Examination of North Andes Plate Results.............. 68
6.4  SIab PUIl MOEL.......cooiiiii e 69
6.4.1 SUBL RESUIS ....oiiieiiieieeeeeee e 70
6.4.2 SUB2 RESUILS .......uuiiiiiiiiiiiiiiiiieeeeeee s 74
6.4.3 SUB3 RESUIS ... 77
6.4.4 Summary of Models SUB1 Through SUB3 .............ccceeeeenne. 82
Chapter 7 [ o U 7] o] o SRS 84
Chapter 8 [@0] 1] 110153 [0 o - S 100
RETEIEINCES ...ttt e e et e e e e e e e e e e e e e e e a e 103

Vi



TABLE

1A

1B.

LIST OF TABLES

Top 10 test results based on lowest velocity misfit where the baoynd
conditions for NA and SA were set to zero and bottom boundary of
NZ was free. The models with temperatures in the 1373 K range with a
basal velocity of 100 mm/yr offer the best combination of lowest
overall velocity misfit along with reasonable velocities towattaks
Middle America Trench (MAT) based on plate kinematic model of
Kreemer et al. (2003). 32

Top 10 test results based on lowest velocity misfit where the boynd
condition for NA and the bottom boundary of NZ were set relative to
SA. The models with temperatures in the 1373 K range with a basal
velocity of 100 mm/yr offer the best combination of lowest overall
velocity misfit along with reasonable velocities towards the Middl
America Trench (MAT) based on plate kinematic model of Kreezher

al., 2003. 33

Comparison between lowest overall misfit results for eastward directed
basal velocity flow and a basal velocity flow based on the surface

velocity of the Cocos plate relative to the Caribbean plate (caudpar

to plate kinematic model of Kreemer et al., 2003). 44

Comparison of model results to the 7 GPS stations examined
by Weber et al., (2001). 68

North Andes plate velocity analysis using directions and velocities of 7
nodes within the plate which were unassociated with any fault nodes.
The North Andes plate is estimated to move at a velocity of 16/mm

in a direction of 55 degrees from north (Kellogg et al., 1985;
Freymueller et al., 1993; Kellogg and Vega, 1995, Kellogg et al., 1996
Trenkamp et al.,1996). 69

vii

PAGE



LIST OF FIGURES

FIGURE PAGE

1.

Two proposed models for the plate tectonic drive mechanism.: (a)
cellular mantle convection; (b) ridge push - slab pull. (Figukerta
from Kearey and Vine, 1996) 1

Zonal flow convection pattern. (Figure taken from Chasson and
McMillan, 1993) 4

Zonal flow of Jupiter’s atmosphere. (Figure taken from Chasson and
McMillan, 1993) 4

Zonal flow of Saturn’s atmosphere. (Figure taken from Chasson and
McMillan, 1993) 5

Global eastward mantle flow pattern proposed by Doglioni et al.
(2007). (After Doglioni, 1993) 6

Schematic diagram of Jardetzky's (1948) zonal flow model. A box a
pitch is heated to a temperature of 55 — 40° C and a dried layer of
plaster or dough is placed on top. Strings, wrapped around a spindle in
the shape of a parabola, are rotated to create a parabolic flbin w

the pitch from left to right (west to east). (Diagram takieom
Jardetzky, 1948) 8

Example of a test result from Jardetzky's (1948) experimental
apparatus. The shape of the velocity field in the pitch is that of
parabola with maximum velocity in the center, and near zero vielcit

at the top and bottom. The inset is the original shape of the tést pla
The results demonstrate rifting, compression and shear. More
importantly, the results demonstrate that without prior knowledge of
the underlying velocity field, one could assume the individual blocks
moving in both east and west directions, when in fact all of the blocks
are moving to the east. The separation between the blocksristeoh

of some blocks moving to the east faster than others. There ia also
rotational component to the movement of the bocks that creates a
differential velocity between bocks. (Diagram taken from Jakyet
(1948) 9

viii



10.

11.

12.

13.

14.

Cartoon of the geometry assumed in program SHELLS. Crust (white)
is bonded to the mantle lithosphere (shaded) and their joint strength is
represented by 2D grid of spherical triangles on surfacehinV@ach
triangle, vertical integrals of strength are performed &t integration
points (black dots). Fault elements are used to represent plate
boundaries. Because subducting slabs deeper than 100 km are not
included in model, their ‘cut’ ends require boundary conditions (either
velocity or traction specified.) Whether lower mantle is assuinée
fast-moving or sluggish, velocity differences between lower mantle
and lithosphere cause simple shear in asthenosphere, which applies
horizontal shear tractions to base of model. (Figure taken from Bird,
1999; Note: the required boundary conditions for subducting slabs
refer to global models only and not regional models such as those
tested here.) 14

Finite element model consisting of: 1594 nodes, 1859 continuum
elements, and 432 fault elements. This model is an expansion of that
used by Negredo et al. (2004) to model the Caribbean plate. The
additional areas added to the model include all of the North Andes
plate, most of the Cocos plate, and a portion of the Nazca. An
additional difference between this and the Negredo et al. (2004) model
is that the subduction zone along Central and South America does not
serve as a boundary condition. 15

Fault plane solutions taken from Harvard Centroid Moment Tensor
(CMT) database. 16

lllustration of heat flow data used as input into all three mdukeded

on the 5 degree heat flow data in S| units of (#/of Pollack et al.
(1993). The data along the ridges were truncated at 0.3°\f¢/m
prevent artifacts. 19

Total lithosphere thickness for the model. The thin area along the
boundary between the Cocos and Nazca plates is attributed to the high
surface velocities in this area because the asthenospherewdloitg
velocity field, is closer to surface under these conditions. Inctss,

the basal velocity was 100 mm/yr whereas the surface velariged
between 80 and 90 mm/yr. 19

Geodetic velocities used to calibrate the model. The franeference
is South America. (Data source: GSRM project Kreemer et al., 2003) 25

Stress data within the project area. A total of 285 data points fell inside
the model area. (Source: World Stress Map data base Heidbalch et
2008; www.world-stress-map.grg 26




15.

16.

17.

18a.

18b.

19.

An edited version of the World Stress Map data (in degrees)daavi

by Peter Bird (http://peterbird.name/oldFTR/ased on the premise
that data points located within plate interiors are consideredrmbe
representative of intra-plate stress than data points along plate
boundaries. 27

An example of a basal velocity field for the model that wasdse

east for all runs. The apparent change in direction of the geist@an
optical illusion due to the geometric orientation of the nodes with
respect to the triangular shape of the elements and the map projectiddil

Geodetic misfits from all models based on the combination dfiralée
variables: base of lithosphere temperature, basal velocity, and
coefficient of friction. The results indicate the model to be most
sensitive to base of lithosphere temperature. The resultseieal

that there are a multiple combinations of the three variablescdmat
result in similar low misfits of velocity, which indicatesesvel of non-
uniqueness in the model parameters. However, the results are
somewhat incomplete as there are no geodetic measurements within
the Cocos plate which comprises nearly one third of the model. 37

Subduction rate misfit along the Middle America Trench from all
models based on the combination of all three variables: base of
lithosphere temperature, basal velocity, and coefficient ofdriciThe
subduction rate of the Cocos plate is clearly dependant on all three
variables. The most successful results appear consistent with a
lithosphere basal temperature of 1373 K and basal velocity and fault
coefficient of friction of 200 mm/yr and 0.2 respectively (compared to
plate kinematic model of Kreemer et al., 2003). 38

Subduction angle misfit along the Middle America Trench from all
models based on the combination of all three variables: base of
lithosphere temperature, basal velocity, and coefficient iotidn
(compared to Harvard CMT data used by DeMets et al., 1990,gor sl
rates between Cocos and Caribbean plates). 39

Spreading rate misfit from all models based on the combinatiai

three variables: base of lithosphere temperature, basal velauity, a
coefficient of friction. The results are very similar to theodetic
misfits, in that the results are most sensitive to basettaisibhere
temperature. 40



20.

21.

22.

23.

24,

25.

26.

Stress direction misfits based on the 16 stress data pointsttieom
World Stress Map project that fell primarily within the interi
portions of the model and away from plate boundaries. The results
appear most sensitive to the coefficient of friction. This coulduze

to the fact that while most of the sixteen points fall within plete
interior, many still reside in close proximity to faults Hsstrated in
figure 15. 41

Stress direction misfits based on the 285 stress data pmntsthe
World Stress Map project that were scattered widely througthaut
entire model area as seen in figure 14 . These misfitsgdicantly
larger than those derived using the 16 interior data points. 42

Basal velocity field based on the relative motion of the Cocate pl

relative to the Caribbean plate as determined by the GSRM model
(Kreemer et al., 2003). The velocity is constant throughout the model
and flows at 80 mm/yr in a direction 30 degrees east of north. 43

Surface velocity for the lowest average velocity misfit nhoali¢h
parameters of 1323 K, 40 mm/yr basal velocity, and a fault friction
coefficient of 0.12. 46

Fault slip rates for the lowest overall velocity misfit miosath
parameters of 1323 K, 40 mm/yr basal velocity, and a fault friction
coefficient of 0.12. However, the subduction misfit is significant along
the MAT, with only 15 mm/yr subduction instead of the estimated
average rate of ~75 mm/yr relative to the Caribbean, based on the
GSRM project (Kreemer, et al., 2003). a7

Geodetic misfits for the lowest average velocity misfidel with
parameters of 1323 K, 40 mm/yr basal velocity, and a fault friction
coefficient of 0.12. a7

Most of the Cocos and Nazca plates have surface velocitiesdmetwe
40 and 80 mm/yr, whereas velocities in the Caribbean plate dne in t
single digits. The large velocity contrast between the Cocos and
Caribbean plates results in the high subduction rates along the Middle
America Trench observed in figure 28. However, the lack of contrast
along the boundary between the Cocos and Nazca plates is equally
responsible for the lack of fault extension here. These results would
also appear to suggest that in order for the Caribbean plate ® mov
there must be a more eastward component to the basal velodty fiel
otherwise the plate will not move. 49

Xi



27.

28.

29.

30.

Geodetic misfits from a model using a Cocos plate velocity of 80
mm/yr in a direction 30 degrees east of North. The isothermal
temperature was set at 1373 K and the coefficient of frictiorthior
faults was set at 0.12. The most notable misfit is with redpettte
Galapagos, which indicates that the Nazca plate in the model moves
northward instead of eastward. In addition, the geodetic misfits
suggest that the eastern Caribbean is not moving fast enough to the
east. 50

Fault slip rate results for a model with a basal velod#idfof 80
mm/yr at 30 degrees east of north, which is consistent with dsengl

rate between the Cocos and Caribbean plates as determined by the
GSRM model (Kreemer et al., 2003). The results are very poor with
the exception of the subduction rate along the Middle America firenc
One surprising result is the very low extension rate betwee@dbes

and Nazca plates, which might suggest a problem with the model at
this location as the entire Nazca plate was not included in the model.51

Direction of the maximum horizontal principal stress calculatettie
model using a basal velocity field based on the surface welokcthe
Cocos plate relative to the Caribbean plate. 52

Surface velocity results using the revised parameters of 1380 K,
basal velocity of 100 mm/yr, and a fault friction coefficient of 0.10.
The most notable feature is large velocity contrast betwee@Gdbes

and Nazca plates and the entire western boundary of the Caribbean
plate. The second important observation is with respect to the velocity
vectors of the North Andes block. The vectors have a strong north-
north-east component in the south of the block and rotate eastward
over the tip of northwest South America where they ultimatelptpoi
predominantly due east in eastern Venezuela. Both features are
significant due to the fact that the basal velocity model wad hel
constant at 100 mm/yr due east. 54

Xii



31.

32.

33.

Fault slip rates using the revised parameters of 1380 K, a basal
velocity of 100 mm/yr, and a fault friction coefficient of 0.10. The
spreading rate of the Cayman Trough is 18 mm/yr, which is censist
with the 12 to 20 mm/yr estimated rates (Macdonald & Holcombe,
1978; Rosencrantz & Sclater, 1986; Leroy et al., 2000). Subduction
occurs along the MAT but at a slightly slower rate than thedipted

by the global plate model GSRM (Kreemer et al., 2003). Subduction
occurs along the boundary between the Nazca and South America
plates, but at a slightly higher rate than that predicted bys#me
global model. Spreading also occurs along the boundary between the
Cocos and Nazca plates, but also at a rate slower than edtinyatee
global plate model. 56

Close-up view of North Andes and Panama Fracture fault slip sesult
using the model parameters of 1380 K, a basal velocity of 100 mm/yr,
and a fault friction coefficient of 0.10. A key observation is the north-
south right-lateral slip of the Panama Fracture which is perpaadi

to the underlying due east basal velocity field of the model. Vitnde

slip rate is significantly slower than the global model edisait
clearly demonstrates that plate motions observed on the surfag do
necessarily represent the underlying flow pattern that drives the plate57

Direction of the maximum horizontal principal stress calculatettie
model using the parameters of 1380 K, a basal velocity of 100 mm/yr,
and a fault friction coefficient of 0.10. Most of the model is istate

of compression with several areas of extension. The only extension
within the Nazca plate is along its boundary with the Cocos plate. T
axial direction is variable, with some axis being oriented northeast
southwest and others east-west. With respect to the Caribbean plate
the largest area of extension is located in GuatemaleHanduras,
which is consistent with several of the previous models. The
extensional features north of Venezuela are mixed with ae larg
percentage of shear stress, which would seem consistent \aithea
strike-slip fault system. The segment of extension in thesdarth
segment of the southeast boundary of the model, between the North
Andes block and South America, is likely an artifact of gréoiteal

slide in the model due to the boundary being a fault with a massive
change of relief over a span of less then three degrees. 60

Xiii



34.

35.

36.

37.

38.

39.

40.

41.

Tectonic setting of northern Central America. FS is faystesn, HD

is the Honduras depression, ND is the Nicaragua depression. Values
and arrows indicate relative plate velocities (mm/yr) witbpeet to
North American plate from NUVEL-1A in DeMets et al. (1990).
Values for the Middle America Trench are from McNally anchister
(1981). Values for the North American-Caribbean plate Boundary
from DeMets et al. (2000). (Figure taken from D. Caceres et al., 200561

Topography map and distribution of deformation velocities for
seismogenic zones into which northern Central America is divided.
Values in circles are in mm/yr. Gray arrows indicate congioas
white arrows extension. Focal spheres represent the average foc
mechanism for each zone (Figure taken from D. Caceres et al., 200552

Extensional features of Nicaragua, the Nicaragua Rise, thad
Cayman Trough, which are consistent with the extensional features
indicated by the most compressive stress axes results of dtdel m
(Figure taken from Tectonic Map of the World; AAPG, 1994). 63

Significant extensional features just north of Eastern Venezhata
appear consistent with the extensional features indicated bydke m
compressive stress axes results of the model (Figure takem fr
Tectonic Map of the World; AAPG, 1994). 63

Model geodetic misfits over a 10 Ma period using the model
parameters of 1380 K, a basal velocity of 100 mm/yr, and a fault
friction coefficient of 0.10. The arrows represent the velocity fithis

of the model, and point in the direction where the model is either
moving too fast or to slow with respect to South America. Thanar
indicate a very good fit between the geodetic data and model results
for the Caribbean and North Andes plates. The largest misfit occurs
the Nazca plate at the Galapagose GPS site which gaveodtyel
magnitude misfit close to 40 mm/yr too fast, but a velocity tdoeal

misfit of only 8 degrees (Kreemer et al.,, 2003). The velocity
magnitude misfit is most likely a consequence of an error in the
physical model that can not be resolved at this time. 66

Surface velocity results of SUB1 using velocities assignedotes
along the subduction zones adjacent to Central and South America;
relative to SA. The basal velocity field was set to zero,thadase of
the lithosphere was traction free. The basal temperature eta® s

1380 K, and a fault friction of 0.12. 72
Geodetic errors for model SUBL. 72
Fault slip rates for model SUBLI. 73

Xiv



42.

43.

44,

45,

46.

47.

Direction of the maximum horizontal principal stress for mod¢B$

using velocities assigned to nodes along the subduction zones adjacent
to Central and South America; relative to SA. The basal vgléeid

was set to zero, and the base of the lithosphere was tracwomnT fre

basal temperature was set to 1380 K, and a fault friction of 0.12. The
most notable feature is the concentration of normal faulting along t
southeast boundary which is contrary to the actual tectonics at this
location which is predominantly thrust and strike-slip faulting. 73

Surface velocity results of SUB2 using velocities assignedotes
along the subduction zones adjacent to Central and South America as
well as the subduction zone in the Caribbean adjacent the North Andes
plate (dashed red line); relative to SA. The basal velocitg figls set
to zero, and the base of the lithosphere was traction free. Thie basa

temperature was set to 1380 K, and a fault friction of 0.12. 75
Geodetic errors for model SUB2. 75
Fault slip rates for model SUB2. 76

Direction of the maximum horizontal principal stress for mod#B3

using velocities assigned to nodes along the subduction zones adjacent
to Central and South America as well as the subduction zone in the
Caribbean adjacent the North Andes plate (dashed red linejveeiat

SA. The basal velocity field was set to zero, and the baseeof th
lithosphere was traction free. The basal temperature was 5880 K,

and a fault friction of 0.12. Unlike model SUB1, these resultsreme
consistent with the tectonic features seen throughout the modeled
region. 77

Surface velocity results of SUB3 using velocities assigonedotdes
along the subduction zones adjacent to Central and South America as
well as the subduction zone in the Caribbean adjacent the North Andes
plate (dashed red line); relative to SA. The basal velocitg figls set

to zero. Traction was applied to the base of the lithosphere. Baé ba
temperature was set to 1380 K, and a fault friction of 0.12. 79

XV



48.

49.

50.

51.

52.

53.

54.

55.

56.

Direction of the maximum horizontal principal stress for mod¢B$
calculated in the model using velocities assigned to nodes along the
subduction zones adjacent to Central and South America as well as the
subduction zone in the Caribbean adjacent the North Andes plate
(dashed red line); relative to SA. The basal velocity fieds et to

zero. Traction was applied to the base of the lithosphere. The basal
temperature was set to 1380 K, and a fault friction of 0.12. Under these
conditions, the Cocos and Nazca plates would demonstrate extensive
normal faulting throughout both plates; something that is not

observed. 80
Geodetic errors for model SUB3. 81
Fault slip rates for model SUB3. 81

Surface velocity results from a successful eastward bhasdatity
model. There are two prominent velocity directions directly \aest

east of the MAT such that both directions are oblique to the sifike
the MAT. Central America predominantly moves to the ESE, wkerea
the Cocos moves in a direction slightly NE, but at a greateniag

that that of Central America. 88

Close-up view of MAT where the striations in the oceanic chet t

are oblique to the trench, are interpreted as potential revarie fa
created by obligue motion between the Central American continental
crust and the Cocos oceanic plate. This would be consistent with the
model results illustrated in figure 51. 88

Close-up view of the Japan Trench where the striations in the oceani
crust, parallel to the trench, are interpreted as potentialsevaults
caused by compression that results from the convergence of tifie Paci
Plate perpendicular to the trench. 89

The shape of the MAT closely approximates the shape of the East
Pacific Rise as seen by the transposition of the copied re@lbng

the MAT to the dashed lines that pivot about a point west of
Guadalajara Mexico (image does not account for possible projection
distortion). This may suggest a possible relationship between the
movement of the continental crust of Mexico and Central America and
the oceanic crust of the Cocos plate. 90

Rough approximation of model tested by Negredo et al. (2004). The
black arrows represent generalized plate motions relative to SA. 93

Finite element model used for the purposes of this study. The black
arrows represent generalized plate motions relative to SA. 93

XVi



Al

B1.

B2.

Cartoon of the geometry assumed in program SHELLS. Crust (white)
is bonded to the mantle lithosphere (shaded) and their joint strength is
represented by 2D grid of spherical triangles on surfacehinV@ach
triangle, vertical integrals of strength are performed &t integration
points (black dots). Fault elements are used to represent plate
boundaries. Because subducting slabs deeper than 100 km are not
included in model, their ‘cut’ ends require boundary conditions (either
velocity or traction specified.) Whether lower mantle is assuinéde
fast-moving or sluggish, velocity differences between lower mantle
and lithosphere cause simple shear in asthenosphere, which applies
horizontal shear tractions to base of model. (Figure taken from Bird,
1999; Note: the required boundary conditions for subducting slabs
refer to global models only and not regional models such as those
tested here.) 110

lllustration of topographic and bathymetry data from ETOPO2v2
(National Geophysical Data Center, June 2006) that was used as input
for model. The data was used at the maximum of 2
minute resolution. 113

lllustration of heat flow data that was used as input into atlo8els
based on the 5 degree heat flow data in Sl units of (yWhPollack

et al. (1993). The data along the ridges were truncated at 0.83t&//m
prevent artifacts. 114

XVii



LIST OF APPENDICES

APPENDIX PAGE
A. Additional Discussion of Shells methodology. 108
B. Further Discussion on finite Element grid Construction. 112
C. Example Parameter File. 116

D. Test Parameter Results Sorted from Lowest Velocity Misfit tdvébg
Velocity Misfit with Boundary Conditions Set to Zero Along NA, SA,

and Free at NZ. 117
E. Test Parameter Results, Unsorted for Model with Boundary

Conditions Set to Zero Along NA, SA, and Free at NZ 120
F. Test Parameter Results Sorted from Lowest Velocity Misfit to Kighe

Velocity Misfit with NA and NZ Boundary Conditions Set Relative to

SA. 123

G. Test Parameter Results, Unsorted for Model With NA and NZ
Boundary Conditions Set Relative to SA. 126

Xviii



ABSTRACT OF THE DISSERTATION
Computer modeling of tectonics involving the entire Caribbean and North
Andes plates, as well as most of the Cocos plate and a portion Na#oa plate,
have been used to support the concept of a global eastward mantle rileathbthe
region. The eastward flow is interpreted to be the resules laghospheric rotation
relative to the asthenosphere. The tectonic modeling has been usedbinatmm
with observations for the region to support a best fitting mda includes the

global eastward flow.

The best fitting model to surface observations used parametesisting of a
due east asthenosphere flow at 100 mm/yr, a base of lithosph@eratme of 1380
K, and a fault friction coefficient of 0.12. The results from thet be®del
demonstrate that a simple uniform eastward flow in the asthenoggareaecount for
the varying directions of movement and velocities on the surfacéhéotectonic
plates in this region. The model was able to reproduce the sinmisneovements
for the Caribbean plate, at nearly due east, the North Anded@lde northeast, the
Nazca plate due east, and the Cocos plate to the northeast. ionadié best model
was able to reproduce the large velocity contrasts betwedottws plate at 70 plus
mm/yr relative to the Caribbean plate at 20 mm/yr and the vglooittrast between
the Nazca plate at 50 plus mm/yr and the North Andes plate at X@r.nirhese
results demonstrate that simple uniform flow of the asthenospbetieeteast in
conjunction with plate to plate interaction can explain the complexements that
we observe for the tectonics of this region, and might serven asverall global

model.
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1. INTRODUCTION

Plate tectonics is a well established theory in geosciencah&€bgy describes
the lithosphere of the Earth as being broken up into approximatelye major
semi-rigid plates that float and move on the asthenosphere. Howevatriing
mechanism responsible for the movement of the lithospheric platgethtasbe fully
understood. The two most popular models are the mantle drag mechadisuge-

force mechanism (figure 1).
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Figure 1. Two proposed models for the plate tectonic drivechanism.: (a) cellular mantle
convection; (b) ridge push - slab pull. (Figuregakrom Kearey and Vine, 1996)

Early mantle drag models consisted of convection cells like those ilecsirat
figure la. Initially, convection cells of this geometry seenegrovide a simple
explanation for both the rifting process and subsequent spreading. Tiwlver

component of the cell would cause the lithosphere to split. Onde thgliviscous



drag exerted to the base of the plate by the lateral portithre afell would cause the
plates to move away from each other. A major problem with #nily €onvection
model was the convection cell geometry itself. The simple gezimetry failed to
explain the complex geometries of both the plate boundaries and atirettplate
movement. In addition, they failed to explain the wide range of plaés; from as

large as the Pacific plate to as small as the Juan de Fuca plate.

The edge-force model, figure 1b, consists of two force systedue-push
and slab-pull. A pushing force is believed to occur at the ridgesewbpographic
highs develop as the plates pull apart. These topographic highsimesiydrostatic
imbalance that causes the plate to move away from the ridfee dsrces try to
equilibrate. The slab-pull model suggests that forces develop at soindecnes in
response to the cold, dense slab descending into a hotter, less dé¢iosegbdhe
mantle whereby it pulls the rest of the plate with it. Bird (1988jnonstrated,
through the use of finite element modeling, that neither of tlee$oirom ridge-push
or slab-pull were enough to move tectonic plates the size dtdbiic over a static
mantle at rates consistent with the global kinematic modell®fEL 1 (DeMets et
al., 1990). The problem persisted even when the mantle waswsae@sonably high
temperatures to lower the viscosity limit, and the fault tiictcoefficients along the
transform faults were set to unreasonably low values to makdathis nearly
frictionless. Doglioni et al. (2007) listed twenty two reasony wiab pull is not a
suitable model for both initiating the subduction process as wdlleasibvement of
the plates thereafter. They found no correlation between the dip of the subduéting sla

relative to the age of the slab, whereas (Carlson et al., 1983) pigwogsed that



subduction is a function of negative buoyancy that develops within older, ,caitaer
consequently denser oceanic lithosphere. However, for purposes ofrsampa the
model of interest, the slab pull model was also tested as pére ofiodeling efforts

presented here.

Prior to the development of plate tectonic theory, Jardetzky (12é@psed
that the zonal rotation observed in the atmospheres of Jupiter, Saturn and the Sun may
be part of the normal evolutionary process for planetary foomaind therefore may
exist within the Earth’s interior. Zonal flow consists of celtutanvection with both
horizontal and vertical components. However, there are several diffgnences
between the zonal flow convective model and the convection model dsginal
proposed for plate tectonics. First, individual zonal flow cells (gRy span the
entire circumference of the planet as a continuous cell. Second, thzentalr
component of zonal flow assumes a predominantly eastward directiawifal the
rotation of the planet. Third, the velocity of the convection sys¢emaximal at the
equator and diminishes to a minimum at the poles. This pattern islisested in the

atmospheres of Jupiter and Saturn (figures 3 and 4).



Figure 2. Zonal flow convection patter(rigure taken from Chasson and McMillan, 1993)
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Figure 4. zonal flow of Saturn’s atmosphere. (Figure takemf Chasson and McMillan, 1993)

An eastward flowing mantle is the primary focus of this stuahyd while
Jardetzky’'s model is rather dated and computer modeling has not teappioe
existence of this phenomena in the mantle (Schubert et al., 200¥),ateemore
recent studies that do support eastward flow in the mantle. Dogliahi(@007) also
propose a global eastward mantle flow based on geological, geagdhyesn
geodetic evidence. The flow pattern differs from Jardetzky'that it follows an
undulate path that makes an angle approximately 30° relative tgethgraphic
equator (figure 5). It is Dr. Doglioni’s belief that that tharth’s rotation is a driving
mechanism of plate tectonics, which is based on the research hesarallémgues
have carried out over the years (personal communication). Negredo (20@d)
proposed eastward mantle flow beneath the Caribbean plate baset®relément
modeling. Doglioni et al. (2003) modeled an eastward-migratinglenaeheath the

East Pacific Rise, as did Hammond and Toomey (2003). An eastvartlenflow



beneath the Tyrrhenian Sea can be inferred from the study by Marghati (2003).

In addition, eastward mantle flow beneath South America was propos&thrby
Hunen et al. (2002) and beneath North America by Silver and Holt (2002 Ruds
Silver (1994) proposed eastward mantle flow beneath the Nazcapkstd on shear

wave splitting analysis.

Figure 5. Global eastward mantle flow pattern proposed by Doglioni.ef2807).
(After Doglioni, 1993)

Jardetzky (1948) hypothesized that if a predominantly eastwawd dbes
exist within the Earth’s mantle, drag from this convection systeaid account for
both the rifting of the continents as well as their subsequent meas. The
movements of the continents would be in a predictable pattern. Thaeatstivould

assume an easterly motion, with counterclockwise rotation in the northern hamisphe



and clockwise rotation in the southern hemisphere. To test thehegmmtJardetzky
(1948) built a physical model composed of heated pitch to representatiike nand
dried plaster or dough to represent the original supercontinent gh@aiffigure 6).
The model provided a means of generating a parabolic-like flowabie@eplate of
dried plaster or dough, which floated on top of the pitch, in order tordete how
that plate would break up under these conditions. The results wergeoatnaish the
hypothesis, whereby the initial block broke into several piecasodstrating
components of rifting, compression, and shearing (figure 7). Additiorib# results
demonstrate that without prior knowledge of the underlying velomtg bne could
assume individual blocks move both east and west when in fact #ike dblocks
move to the east. The separation between blocks is simply a funcsomefblocks
moving faster to the eagstelative to other blocks. A common analog to this
phenomenon is that of an ice flow in a river where a combinatitergé and small,
as well as geometrically irregularly shaped, blocks of iowann response to both
their interaction with each other and the simple flow pattern démiaelow that

serves as the primary driving force.



Figure 6. Schematic diagram of Jardetzky’s (1948) zonal floadel. A box a pitch is heated to a
temperature of 55 — 40° C and a dried layer oftptasr dough is placed on top. Strings, wrapped
around a spindle in the shape of a parabola, &aéebto create a parabolic flow within the pitobin

left to right (west to east]Diagram taken from Jardetzky, 1948)
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Figure 7. Example of a test result from Jardetzky’s (1948)eginental apparatus. The shape of the
velocity field in the pitch is that of parabola Wwimaximum velocity in the center, and near zero
velocities at the top and bottom. The inset is thmginal shape of the test plate. The results
demonstrate rifting, compression and shear. Moneomantly, the results demonstrate that without
prior knowledge of the underlying velocity fieldn® could assume the individual blocks moving in
both east and west directions, when in fact althef blocks are moving to the east. The separation
between the blocks is a function of some blocks ingto the east faster than others. There is also a
rotational component to the movement of the bobks treates a differential velocity between bocks.
(Diagram taken from Jardetzky, 1948)

When compared to today’s technology, Jardetzky's (1948) physical nmdel t
demonstrate the possibility of an eastward mantle flow is now somewhat niaiyne
For example, it lacks the ability to account for the curvaturéhefEarth and the
varying physical properties and geometries of the Earth’®riectplates. In the
present day the computer provides for much more robust modeling techfigaes.
answers to complex differential equations are now closely appabed though the

use of numerical modeling methods such as finite element modelingh whn



account for a wide range of variables simultaneously. Finite elemedeling is
most often used for determining stresses and strains in mechsystains such as
buildings and bridges. In addition, it is frequently used for solpiiplems in heat

transfer and fluid dynamics.

Finite element modeling has also been applied to the field oftelettanics in
several places around the globe where the principal contributionlatedeto
earthquake hazard planning. Bird and Kong (1994) applied finite elsnerthe
primary fault system of California. In addition to the faults, thedel incorporated
the variations in elevation, crustal thickness and heat flow ofdf®n. Various
parameters, primarily the coefficient of friction for the fauwere modified until
model results closely approximated the published estimates afgaviault slip rates,
principal stress directions, and geodetic measurements. We(20@0) performed a
similar study on the Chinese mainland where major regions at gathquakes
occur. Their models were able to reproduce stress concentratithves dactile layer
of the lithosphere that corresponded to the regions of great earthqudles
determined that driving forces from the plate boundaries were rebfeoifigi the
concentration of stress in these particular regions. Calibratedlsnsuteh as these
can be used as reasonable guides for estimating the earthquzad potential in

other regions of the modeled area where observational data is limited.

Finite element modeling is used here to examine the hypothesis parvasive
eastward flow in the mantle as a possible driving mechanismldte tectonics. A

regional model consisting of multiple plates with differing velesiand directions of
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movement was selected as a scaled down representation of angbalehlin order to
simplify the numerical experiment. The region of interest indudd of the
Caribbean and North Andes plates, most of the Cocos plate, and a portlon of
Nazca plate. There are a number of advantages to using this tegiast the
hypothesis. The first advantage is the conclusion from the fhment study by
Negredo et al. (2004) that an eastward mantle velocity of 20 minetyeath the
Caribbean plate is necessary to explain the observed motions betlwdaénand
South America. The region is also comprised of a system asplaat vary in size,
geometry, age, and composition (contineméasus oceanic crust). Most of the major
tectonic features such as strike-slip faulting, thrust fayltiifigng, and subduction
are also present. The region also has a wealth of geodetic inforrfram which the
model can be calibrated, and there exists a wide range of \w&ieities and
directions. During the entire testing process for the projecte tivere more than

eight finite element grids constructed and over two thousand parameter tests.
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2. METHOD
SHELLS is a finite element program that has been developed overl@enum
of years by Peter Bird (Bird, 1999) and is freeware that catoload by ftp from

http://peterbird.name/oldFTP/SHELLS has previously been used to model the

neotectonics of the Azores Region (Jimenez-Munt et al., 2001), Northicaneiu

and Bird, 2002), the Ibero-Maghrebian region (Negredo et al., 2002),2¢aland

(Liu and Bird, 2002), Australia (Burbidge, 2004), Indo-Asia (KongeXal 1996),
Caribbean plate (Negredo et al., 2004), and the whole globe (Bird, 1998arki

Liu, 1999). Additional supporting applications and data used to build the models ar
also provided. A slightly modified version of the SHELLS programsged for the

purposes of this study.

The method assumes the lithosphere can be represented by a thicakphe
shell (figure 8) and it can be applied to large regional modelwedisas global
models. It also performs certain functions whereby it can be denesi a pseudo
three dimensional algorithm. The method uses a two-dimensional éleinent grid
in a manner that only the horizontal components of the momentum equegion a
solved and only the horizontal components of velocity are predicted; ttie if@em
in the momentum equation is ignored. The radial component of the momentum
equation is represented by the isostatic approximation and the vertical stnresalat
any point is assumed to be equal to the weight of overburden perreait The
strength of the lithosphere is vertically integrated, and thecitgl vectors are
assumed to be independent of depth in the lithosphere. The total tkiciribe shell

is controlled by the user by entering the depth of the modelthetgarameter file
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read by SHELLS. The value of 400 km is typically used asdbrsidered to be the
base of the asthenosphere. The base of the lithosphere is defiaedisothermal

surface that occurs at a transition point from a conductive to an adiabatic geotherm.

SHELLS allows for the wuse of faults, laterally varying vel@&on
(topography/bathymetry), crust, lithosphere and mantle thickness, anfiiolaeal he
program uses a set of initial conditions, such as asthenospherearmgerelocity
magnitude and direction, as well as realistic rheologies and igsn@mong other
variables) to solve the equations of stress equilibrium and consergdtmass to
predict plate velocities, stresses, and strain rates. Madises can then be compared
guantitatively to observed values within the modeled area, such as GPS
measurements, in order to determine the validity of the model geédtitional

details of the methodology can be found in Appendix A.
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l (not to scale)

Figure 8. Cartoon of the geometry assumed in program SHEIQ8st (white) is bonded to the
mantle lithosphere (shaded) and their joint stienigtrepresented by 2D grid of spherical trianglas
surface. Within each triangle, vertical integralstength are performed at 7 Gauss integrationtpoi
(black dots). Fault elements are used to reprgdai# boundaries. Because subducting slabs deeper
than 100 km are not included in model, their ‘erids require boundary conditions (either velocity o
traction specified.) Whether lower mantle is assiinte be fast-moving or sluggish, velocity
differences between lower mantle and lithosphetseaimple shear in asthenosphere, which applies
horizontal shear tractions to base of model. (Kgtaken from Bird, 1999; Note: the required
boundary conditions for subducting slabs referltdbal models only and not regional models such as
tested here.)
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3. MODEL DEFINITION AND CONSTRUCTION
3.1. MODEL DEFINITION

The finite element model used for this study (figure 9) is anresipa of the
model by Negredo et al. (2004) used to study the neotectonics Chtlibean plate.
The primary differences between the models are with resp#et twestern boundary

and the North Andes plate. The western boundary in this study wasledtéo the

LATITUDE

-8
LONGITUDE

Figure 9. Finite element model consisting of: 1594 nodes, 18&&inuum elements, and 432 fault
elements. This model is an expansion of that usetlldgredo et al. (2004) to model the Caribbean
plate. The additional areas added to the modelidechll of the North Andes plate, most of the Cocos
plate, and a portion of the Nazca. An additionffiedénce between this and the Negredo et al. (2004)
model is that the subduction zone along Central &odth America does not serve as a boundary
condition.

East Pacific Rise (EPR) and comprised nearly all of thee€ptate and a portion of
the Nazca plate. This effectively removed the Middle Amefinch (MAT) as a
forced boundary condition which enabled the MAT to respond to the moveofents
the adjoining plates and the basal velocity field independently. An i@uklit

advantage of using the EPR as the western boundary is as dirspmédge it can be
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treated as a free boundary, whereas velocity conditions woulddegveimposed if
the western boundary was a convergent boundary. This allows the Cocdazuad
plates to respond primarily to the basal velocity field beintedesThe northern
boundary of the Cocos plate and the southern boundary of the Nazcagiatsetvas
free boundaries. The North Andes plate was extended southward througtoE
and the Gulf of Guayaquil, where it was tied into the subduction zorteeofouth
American coast. Justification for this southern extension is b@séue interpretation
of the tectonic maps and earthquake fault plane solutions taken frohtatkiard

Centroid Moment Tensor (CMT) data base (figure 10).

ree000@® =
23456 7 8 thrust normal

Figure 10. Fault plane solutions taken from Harvard Centroiohiént Tensor (CMT) database
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3.2. FINITE ELEMENT GRID CONSTRUCTION

Boundaries and faults in the grid construction were interpreted frem
Tectonic Map of the World (AAPG, 1994) and the Tectonic Map of Soutlkrfa
(1978). In several places within the model it was necessaryetpathte the position
of faults where they were not clearly depicted on the mapsdditian, it was
sometimes necessary to approximate fault dip values. Becaushiptlod a fault
contributes directly to its resultant slip-rate in the model,laevaf 45 or 65 degrees
was initially assigned to faults of unknown dip based on simplified ogeol
assumptions. Faults illustrated on tectonic maps with both low rahef no
indication of strike-slip motion may well be normal or reverseltéaand were
therefore assigned a dip value of 45 degrees to accommodate ®ip direction.
Based on the assumption that strike-slip motion is usually assbevdtehigh angle
faulting, faults on tectonic maps with both thrust and strike-slipanatiere assigned
a dip of 65 degrees in the direction of thrust. In areas whete wlues resulted in
initial poor slip rate results (e.g., too much or too little faliff)sthese initial dip

estimates were readjusted

A supporting program to SHELLS computes the structure of the pitiere
(thickness of the crust and upper mantle lithosphere) for each node madel. It
does so based on four assumptions: the base of the lithosphere mthanmal
surface; heat conduction though the lithosphere is in steady dtdtthoaphere is
isostatic with respect to the mid-ocean ridges; and the andgstmantle lithosphere
are approximated as laterally homogeneous. The three priaaaples the program

uses to build the structure of the lithosphere are elevation (topodvagihymetry),
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surface heat flow, and the mantle adiabat. Several other parsansteh as thermal
conductivity and radioactive heat production are also incorporated prdbess, but
these are usually held constant. The topography/bathymetryvdattaken from the
ETOPO2v2 data set (National Geophysical Data Center, June 2006gawhbe
heat-flow data were obtained from a 5°-mean compilation of Pollack €1993)
(figure 11). This differs slightly from the Negredo et al. (208wdel which used a

2°-mean global heat flow compilation which was not available for this study.

The total lithosphere thickness generated from these parameene seen in
figure 12. One potential problem with respect to the heat flowhdatsag a negative
impact on the model concerns the relatively low heat flow valudghe Cayman
Trough spreading center. These low heat flow values can redhk icreation of a
more rigid lithosphere than what is normally expected alormyeading center. The
increased rigidity, or lithosphere thickness, may cause the spgeadinter to

experience higher resistance to spreading than normal.
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Q.06 0.076 14 0152 19 0.228 0.266 03
Figure 11. lllustration of heat flow data used as input intbtlaree models based on the 5 degree
heat flow data in SI units of (W/Anof Pollack et al. (1993). The data along the es&lgvere truncated
at 0.3 W/njto prevent artifacts.
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Figure 12.Total lithosphere thickness for the model. The tiiea along the boundary between the
Cocos and Nazca plates is attributed to the higase: velocities in this area because the
asthenosphere, along with its velocity field, issglr to surface under these conditions. In thie,dhs
basal velocity was 100 mm/yr whereas the surfafmcitg ranged between 80 and 90 mm/yr.
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An attempt was made to simplify the boundary conditions of the naogeto

the number of individual tectonic plates within and adjacent to the model that move in

various directions with respect to each other. All of the boundary nodésef Cocos
and Nazca plates were set as free (requiring no velocity).allbiged these plates to
respond primarily to the basal velocity field being tested in tbdeh In addition, the
velocity for the boundary nodes of the North and South American pla&iessegt to
zero such that these plates are fixed, leaving the Caribbeah, Alates, Cocos, and
Nazca plates as the only plates permitted to move. This enablessthis from this
portion of the model to be more a function of the basal velocity fiefdyliested, and
to a lesser extent, the boundary forces. It is acknowledged thag sbe boundary
nodes along North America to zero would still have an affect on tduzknhowever,
justification for setting these nodes to zero comes from thetliattthe relative
motion between these plates is small; between 10 and 20 mm/yrr(&fedde 2001,
DeMets et al., 2000; Kellog et al., 1996). Therefore, the assumptiomads that
results from models using these conditions, which fell close tolikerved values,
could be deemed reasonable approximations to the results of modeks tivber
boundary velocities from the adjacent plates had been applied.viegwiee model
was also run with boundary conditions applied to the North America andabhea
plates, relative to South America, in order to examine the feignce of these
boundary conditions on the model. This was particularly important wigeceso the
Nazca plate where only a portion of the plate was being used mdtel and the
influence of mantle drag on the excluded portion of the plate could rastdoeinted

for.
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The basal boundary condition consists of three primary paramékers:
velocity magnitude, velocity direction, total depth of the model. Th&l3S
program used for this project was a modified version of the 2002wuesapplied by
Bird such that the magnitude and direction of the basal velocity teutthanged in
order to test various mantle velocity models. With the exceptiorthef outer
boundary nodes, all interior basal nodes were assigned a velocityraatiodi that
was dependent on the desired mantle velocity pattern beind.t@$te basal depth
parameter for all models was set at 400 km. Additional detailsodfe! construction

can be found in Appendix B.
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4, METHODOLOGY FOR VALIDATING MODEL RESULTS

In general, models can be evaluated to a limited extent, ‘geamtitatively”
with respect to relative velocity rates, stress directioms,spreading rates. The term
semi-quantitative refers to the fact that all three amalytdevices above have
inherent errors. Plate velocities are constrained from geodeasurements (GPS),
which are commonly placed in tectonically active regions and ate gften subject
to errors related to localized movements that obscure overall phteity
measurements. Stress direction measurements suffer from armfnpibeblems that
affect their accuracy. Many of the data are derived frohgaake focal mechanism
solutions (FMS) which can be considered more a measurement ofthtai stress.
Dr. Peter Bird (personal communication) suggests that becausmajueity of
earthquakes occur along plate boundary faults, the faults tend todkeand slip
repeatedly along the same plane and therefore do not provide the camwehe
information needed to accurately determine the orientation of thepgairstress axis.
Therefore, stress values derived from FMS data along actwi¢ [fdanes are
considered questionable. Other stress measurements are takehofieholes often
related to the oil and gas exploration and tend to be clusteredalhspracific areas
of interest. Seafloor spreading rates are “estimated” vgloates along spreading
ridges that are determined from large time intervalstedl to magnetic reversals on
the seafloor that are not always sharply defined. In addition,dbeY necessarily
account for the possibility of asymmetric spreading on the ridge.eMeny the
acceptance of these errors in all three data types provideshendaogmation to

semi-quantitatively evaluate model results.
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A supporting software application called ORBSCORE is supplied with
SHELLS to simplify the means of comparing the results outpulSBNELLS to
published field data like those described above. To do this, the fieldnetiahave
positional information such as longitude and latitude. With this infoomathe
program locates the element within the model that falls clésdbe field data point
and calculates the misfit between the model result and thedfi¢éd The mean and
root-mean-square are the primary values calculated fonibfés between these two
values. An area weighting factor is also incorporated into tloelledion in order to
account for the clustering of field data. Clustering of dgbécally occurs in focused
regions of geologic interest, such as major active faults ancan@ds, and can
therefore bias field data. The weighting factor adjusts for ks by treating
individual data points within a cluster as fractional represemsitof the total area,

where the sum of all fractions represent the unit area.

The source for the geodetic data used for this project was |talGstrain

Rate Map project (GSRM), (Kreemer et al., 2003; http://gsrm.unagdaia)j. An

important aspect of the project is that it provides several versibgsodetic data
rotated to various reference frames. South America servesed brundary of
significant length in the model being tested here. Therefore, théetie data set
rotated to the South American reference frame was selectetigoproject (figure
13). The database used to calculate seafloor spreading rats mésitaken from the
global compilation of horizontal spreading rates along the normalsfatltmid-

oceanic ridges (DeMets et al.,, 1990). Two data sets of stress wged for this

project; both data sets were obtained from the World Stress déapbase
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(Heidbach et al., 2008; www.world-stress-map)ofthe first data set (figure 14)

contained 285 values that fell within the model area, and was conhprise
predominantly of single focal mechanism solutions with a quadityof of “C” (the
data quality ranking is based on the method developed by Zoback and Zb®2@k

and Sperner et al., (2003)). Dr. Bird created a filtered mersf the world stress data
due to the problems related to FMS data stated above. The seleitBan €or this
data set was primarily based on the premise that data poimstedowithin plate
interiors are considered to be more representative of intragtfates than data points
along plate boundaries. This data set is made available for downtmadhie ftp site

http://peterbird.name/oldFTRhd was used for this project. A total of 16 data points

fell within the model area using the edited version of the wdrless map data
(figure 15). Bird (1998) also indicated that since the stress discrepameywtexceed
90 degrees at any point, a misfit in azimuth between field aatmodel results
equal to 45 degrees would be indicative of a model where thes sesslts are
uncorrelated to the field data. In addition, a misfit of azimuth éetwfield data and
model results greater than 45 degrees would be indicative of a mleled the stress
results are anti-correlated to the field data. However, Kong (1&%8%)Bird (1998)
also statistically examined the stress data availabledtrhe and determined that the
field data had an internal discrepancy such that no model Iy tikéhave a mean
azimuthal misfit of less than ~25 degrees. Therefore, a good nmesidt would be

one where the azimuthal difference between the field data and model results ar
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closer to 25 degrees, whereas a poor model result would be onethdemmuthal
difference between field data and model results would be ctoser exceed, 45

degrees.

I T T T T T 1
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Figure 13.Geodetic velocities used to calibrate the modet ffame of reference is South America.
(Data source: GSRM project Kreemer et al., 2003
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Figure 14. Stress data within the project area. A total of 88 points fell inside the model area.
(Source: World Stress Map data bébksidbach et al., 2008; www.world-stress-map)org
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Figure 15. An edited version of the World Stress Map datad@grees) provided by Peter Bird
(http://peterbird.name/oldFTPbhased on the premise that data points locatddnyilate interiors are
considered to be more representative of intra-@tgess than data points along plate boundaries.

Preliminary testing of ORBSORE yielded anomalously low velauigfits in
the summary report between the geodic velocities and model velokitrestigation
of this problem revealed a subroutine within the program, called ADJUST, that makes
an assumption that the geodetic data is not in the same refér@meeas the model
velocity data and attempts to resolve the problem by computing afpatation that
is used to minimize the weighted RMS of the magnitude of the itaeldifferences.
The early test results quite often calculated a correction goletation with a
rotation velocity equivalent to the velocity of the basal velofigid being tested.
This subroutine was deactivated in the program because there higis kvel of

certainty that the geodetic data and model velocities were in the samenoef
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frame. This was based on the fact that the geodetic data xpastesl in South
American reference frame, and model boundaries adjacent to Souticémere set

to zero such that South America was fixed in the model.

Upon removal of the subroutine ADJUST, another problem with velocity
misfits in the summary report appeared. ORBSCORE outputs a table that ptbeides
location of each geodetic measurement, the geodetic velocity, tatyeesult from
the model closest to the geodetic location, and the misfit betthegwo values. The
average misfit calculated manually from the table was ni@me tlouble the average
misfit in the geodetic summary report. The geodetic velocitiethe table were
confirmed at various GPS locations via manual velocity calculatismgy published
poles of rotation (DeMets et al., 2000; Weber et al., 2001). It wasndieed that the
discrepancy was related to the area weighting factor appdiethe results. The
weighting was taken out of the program with the knowledge and aocefpiaat the
resultant average will contain the affects of clustered dataekawupon removal of

the weighting factor, the average misfit dropped by nearly half in most tests

The removal of these two functions from ORBSCORE may create
uncertainties in the summary results between geodetic vekaitid model velocities
provided by the program. However, there are 131 geodetic measusemtmh the
model and over 125 model configurations were tested. Therefore, the®fuse
ORBSCORE was necessary to process this vast amount of dd&taifed manual
evaluation of model velocities was carried out once a model westeglfrom the

results of ORBSCORE that was considered to bear the most promising cesrd.r
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The manual evaluation focused on singular points within the model gratspread
throughout various locations of the Caribbean and North Andes plates intorder
account for data clustering that may have affected the mesfgluation by

ORBSCORE.
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5. SENSITIVITY ANALYSES
5.1 PARAMETERS TESTED USING EASTWARD BASAL FLOW ONLY

A large number of parameter tests were carried out on the &@ment grid.
Five models of 50 degree isothermal increments, representing tlee obathe
lithosphere, were constructed with the following temperatures: 1323'K3 K, 1423
K, 1473 K, 1523 K. The temperature selection was based on bracketingemseaie
of 1423 K, the temperature used by Negredo et al. (2004) to model thetomictec
of the Caribbean plate. For each temperature condition, models uvexgith five
increments of 20 mm/yr basal velocities: 20, 40, 60, 80, and 100 mm/yrti@eleic
the velocity values were based on bracketing between the higledsyigal-based
estimated velocity values within the model, which occur alonggheading ridge of
the EPR at nearly 100 mm/yr (Kreemer et al., 2003), and the slG®W&-based
measurements of Caribbean plate at 20 mm/yr (DeMets et al., ?0gl8er et al.,
2001) . All of the velocity fields were assigned a due east direcAn example of
the due east basal velocity field can be seen in figure 16. Tiil@b€an plate model
of Negredo et al. (2004) deemed to be most successful used ai¢tiol ftoefficient
of 0.03. This value is geologically reasonable and is supported byxpleersental

results of Hickman (1991) and the numerical modeling results ofaHass al.

(1997), Bird (1998), and Sobolev and Babeyko (2005). In addition, a range of fault

friction coefficients between 0.17 and 0.25 was used successfully inrinaime

modeling of the neotectonics of California (Bird and Kong, 1994). Based
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on the above studies, a range of five intervals of fault frictionficaefts were used
to test this model: 0.04, 0.08, 0.12, 0.16, and 0.20. The velocity boundary conditions

for all models were set to zero.
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Figure 16. An example of a basal velocity field for the motiet was set due east for all runs. The
apparent change in direction of the vectors istical illusion due to the geometric orientationtiod
nodes with respect to the triangular shape of Esments and the map projection.

5.1.1. SENSITIVITY ANALYSIS OF EASTWARD PARAMETERS

Portions of the misfit results determined from ORBSCORE for butdels
can be seen in Tables 1A & 1B. Table 1A shows results froomtdel where the
boundary conditions for both NA and SA were set to zero and NZ wasTabk 1B
shows results from the model where the boundary conditions for NA armbtioen
boundary of NZ were set relative to SA. Both data sets aredsbased on the model
with the smallest geodetic misfit. In general, the models using bourdaditions
for NA and NZ relative to SA were slightly poorer in an ovecalhtext. However,

velocity errors in the Nazca plate were significantly redua the model where
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boundary conditions were applied. The complete set of results for thd witue

fixed North and South America are presented in Appendices D andrssdorted and
unsorted. The results for the model where boundary conditions were ajpphetht

the North American and Nazca plates relative to South Amareapresented in
appendices F and G. In addition, the misfits for models 1 through 125 are presented in

chart form in figures 17 through 21.

CAYMAN MAT
VEL TROUGH MAT SUBDUCTION

RUN | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE

No. K TEMP T | MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
8 | 1323 1050 40| 0.12 8.4 2.0 29.5 14.2 48.5
37 | 1373 1100 60 | 0.08 8.5 4.9 29.2 28.8 47.8
15 | 1323 1050 60 | 0.02 8.5 3.4 27.9 314 51.7
42 | 1373 1100 80| 0.08 8.9 15 29.9 37.1 49.1
14 | 1323 1050 60 | 0.16 8.9 1.6 28.6 25.6 51.1
43 | 1373 1100 80| 0.12 9.3 6.8 29.2 44.3 49.5
48 | 1373 1100 | 100 | 0.12 9.3 2.7 28.9 55.6 50.6
9 | 1323 1050 40| 0.16 9.7 6.2 28.0 18.7 49.6
49 | 1373 1100 | 100 | 0.16 10.3 8.7 28.1 61.8 50.7
38 | 1373 1100 60 | 0.12 111 10.1 28.4 32.6 48.1

Table 1A. Top 10 test results based on lowest velocity migfiere the boundary conditions for NA
and SA were set to zero and bottom boundary of M2& free. The models with temperatures in the
1373 K range with a basal velocity of 100 mm/yreofthe best combination of lowest overall velocity
misfit along with reasonable velocities towards Mildle America Trench (MAT) based on plate
kinematic model oKreemer et al. (2003).

32



VEL CAYMAN SUB’\[/;'S-'(-:TIO
VEL MISFIT [ TROUGH MAT N

RUN | TEMP | TEMP | MMmIY FRIC MM/Y | SPREADIN | STRESS | SUBDUCTIO ANGLE

No. K T R COEFF. R G MISFIT MISFIT ° N RATE MISFIT
139 1323 | 1050 60 0.16 8.7 0.1 37.5 30.9 43.4
132 1323 | 1050 40 0.08 8.7 2.9 40.1 14.0 32.7
167 1373 | 1100 80 0.08 8.9 0.9 35.8 40.0 43.3
162 1373 | 1100 60 0.08 9.0 5.6 36.0 33.0 40.9
140 1323 | 1050 60 0.20 9.2 5.6 30.4 36.8 45.0
173 1373 | 1100 | 100 0.12 9.2 4.3 31.3 58.1 46.0
168 1373 | 1100 80 0.12 | 10.0 8.1 29.0 47.8 44.6
145 1323 | 1050 80 0.20 [ 10.2 1.2 32.9 44.7 47.0
134 1323 | 1050 40 0.16 [ 10.5 8.0 315 24.4 40.0
174 1373 | 1100 | 100 016 [ 11.1 10.6 28.7 64.7 46.5

Table 1B. Top 10 test results based on lowest velocity misfiere the boundary condition for NA
and the bottom boundary of NZ were set relativ€#o The models with temperatures in the 1373 K
range with a basal velocity of 100 mm/yr offer test combination of lowest overall velocity misfit
along with reasonable velocities towards the Midélieerica Trench (MAT) based on plate kinematic
model ofKreemer et al., 2003.

A notable anomaly that the charts do not clearly indicate is dhahe 250
models tested, only ten converged using a fault friction coeffioi@oe of 0.04. All
five models that did converge using this value were associatedneidels where the
base of lithosphere temperature was 1523 K. In addition, several nisdejsa fault
friction coefficient value of 0.08 did not converge; these were modelwispread
among models of varying temperature for the base of lithosphesgi&ation of the
failed velocity fields that used the fault friction coefficiarit0.04 revealed that the
failure consistently occurred along the far western boundary ahtigel where the
boundary conditions of the Cocos and Nazca plates were set to frakeafalilts
were set at 45 degrees. The low friction coefficient valueiegpgb these faults
resulted in landslides that exceeded 20 “meters”/yr, and in onel28seneters”/yr.
These values substantially exceed even the largest basal wéklditapplied to the

model of 100 mm/yr.
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The geodetic misfits from all models using the combination ofthake
variables, base of lithosphere temperature, basal velocity, afiiciemt of friction
are illustrated in figure 17. The results indicate the model toabtcularly sensitive
to a base of lithosphere temperature greater than 1373 K; aboventhexaéure the
geodetic misfit increases dramatically. The results afsmticate that multiple
combinations of the three variables can lead to similar velougfits. For example,
an increase in temperature theoretically reduces the she@ogent in the model,
thus reducing the transfer of velocity from the base of the modtietsurface.
However, this can be compensated for by an increase in basatyweldis lack of
uniqueness diminishes the use of the geodetic misfits as a guidetérmining the
optimum parameters for a successful model. In addition, the reseltsomewhat
incomplete as there are no geodetic measurements within the @lat®@swhich

comprises nearly one third of the model.

The misfits for the rate of subduction and angle of convergermre dahe
Middle America Trench from all models using all three vagabdre illustrated in
figure 18a and 18b respectively. The subduction rate is comparele tpldte
kinematic model of Kreemer et al. (2003) and suggests that subductiom Gbcos
plate is clearly dependant on a particular combination of ak theeables. The most
successful results are with a lithosphere basal temperatBY8fK, a basal velocity
of 100 mm/yr, and a fault friction coefficient of 0.20. The sensytiwf the
subduction rate of the Cocos plate to all three parametersicagiy narrows the
range of parameters that produce a model with the least oweisdlis to field

observations.
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The misfit for the angle of convergence of the Cocos plate tenbhed MAT
was determined by comparing only the Harvard CMT data used MefSeet al.
(1990) for slip rates between the Cocos and Caribbean plate (26.6° rgziftu
trend suggests the error in the angle of convergence with the trerelades with
decreasing basal temperature and increasing basal velocitihadritle better results
are with models with high basal temperatures with low basatie However, the
models with the least error also have the lowest subduction satepated in figure
18a and are therefore unlikely to be considered successful modgendral the fit
of the convergence angle was poor for most models where the geadétMAT
subduction rate misfits were low. Further analysis regartivege poor results is

addressed later in the discussion section of this paper.

Spreading rate misfits along the Cayman trough (figure 19egesimilar to
the geodetic misfits. The results are most sensitive to tlse bé& lithosphere
temperature, and even more so than the geodetic misfits. They pnovketicular
insight as to what combination of variables would produce a model witledisé

overall misfits to field observations.

The misfits of stress direction for the two data sets congistf 16 and 285
data points can be seen in figures 20 and 21 respectively. Thersdadd set appears
more sensitive to the coefficient of friction, whereas theeladata set appears more
sensitive to the temperature at the base of the lithosphere. ©ke striking
observation is not which variable each data set is most sensitivettthe magnitude

of difference between the two data sets and their azimuthi raigge relative to the
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model results. There was an azimuthal misfit range between 25.3 andkgie8s in

stress direction using the data set containing 16 data points,ashere was an
azimuthal misfit range between 38.2 and 47.6 degrees in stressodirgben using

the 285 data points. The misfit range of the smaller datandatates it to be the
better of the two data sets to use for model comparison based onetheupr
discussion where good model results are where the azimuthal nitiéebetween the
field data and model results are closer to 25 degrees, and poor esdel would be
where the azimuthal difference between the field data and mesldts are equal to,

or in excess of, 45 degrees.
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Figure 17.Geodetic misfits from all models based on the comtion of all three variables: base of
lithosphere temperature, basal velocity, and coiefit of friction. The results indicate the modebe
most sensitive to base of lithosphere temperafline. results also reveal that there are a multiple
combinations of the three variables that can raésudtmilar low misfits of velocity, which indicatea
level of non-uniqueness in the model parametersvever, the results are somewhat incomplete as
there are no geodetic measurements within the Cplade which comprises nearly one third of the
model.
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Figure 18A. Subduction rate misfit along the Middle America fick from all models based on the
combination of all three variables: base of lithuee temperature, basal velocity, and coefficidnt o
friction. The subduction rate of the Cocos platelearly dependant on all three variables. The most
successful results appear consistent with a lithexgpbasal temperature of 1373 K and basal velocity
and fault coefficient of friction of 200 mm/yr a2 respectively (compared to plate kinematic model
of Kreemer et al., 2003).
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Figure 18B. Subduction angle misfit along the Middle Americaeiich from all models based on
the combination of all three variables: base d¢folphere temperature, basal velocity, and coefficie
of friction (compared to Harvard CMT data used bgM2ts et al., 1990, for slip rates between Cocos
and Caribbean plates).
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The results appear most sensitive to the coeffi@éfriction. This could be due to the fact thatile
most of the sixteen points fall within the platéeior, many still reside in close proximity to feuas
illustrated in figure 15.
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Figure 21. Stress direction misfits based on the 285 strets miaints from the World Stress Map
project that were scattered widely throughout thiére@ model area as seen in figure 14 . These tisfi
are significantly larger than those derived usimg 16 interior data points.

5.1.2. SENSITIVITY OF MODEL TO DIRECTION OF BASAL VELOCITY

To test the sensitivity of the model to basal flow directiomas necessary to
create a model where the basal velocity field had a direotiogr than due east. To
make the test as meaningful as possible, a velocity directionohlae chosen that
varied considerably from due east, but was also consistent wilbatye¢hat occurs
within the model area. The chosen velocity field was that of unfaee velocity of
the Cocos plate which comprises roughly one third of the model Cblees plate
moves 80 mm/yr in a direction 30 degrees east of north relatihie ©dribbean plate

(Kreemer et al., 2003; figure 22). The predominant northward movemerteof t
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Cocos plate provided a sixty degree differential in directiontiveldo the models

tested with the due east basal velocity field. This differemtasal velocity direction

was considered sufficient to determine the importance of mimwedirection on the

model. Only one model using these velocity parameters was testectier two

parameters for this model, base of lithosphere temperature and ffi@tibn

coefficient, were set at 1373 K and 0.12 respectively. Thesenesers were selected

based on the results of due east basal velocity models describedtladtokad the

smallest overall misfit.
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Figure 22. Basal velocity field based on the relative motidntlee Cocos plate relative to the
Caribbean plate as determined by the GSRM modeddiiker et al., 2003). The velocity is constant
throughout the model and flows at 80 mm/yr in &clion 30 degrees east of north.

The misfit results, shown in table 2, from the model using the Edeam

described above for a Cocos basal velocity field are comparée wntallest overall

misfit results for an eastward basal velocity model. The gmodet stress direction

misfits between the two models are relatively close. Theguyimifferences between

43



the misfits of the two models are with respect the spreaditeg of the Cayman
trough and the subduction rate along the MAT. The Cocos basal velocity mode
yielded a spreading rate misfit along the Cayman trough of 11.8/mco slow,
whereas the eastward basal velocity model yielded a spreadegqisfit along the
Cayman trough of 2.7 mm/yr too fast. The significantly sloveag@ing rate along the
Cayman trough given by the Cocos basal velocity field model sisytes, under
these conditions, very little eastward movement occurs alongatitevest oriented
transform faults that form the spreading center. This modly I&aggests that the
strong northern component of the Cocos basal velocity field inhifoatison along
these faults, and that a stronger eastward velocity componentessagc to move

these faults at their observed rates.

AVERAGE SPREADING

BASAL BASAL GEODETIC MISFIT OF STRESS MAT

TEMP VELOCITY VELOCITY | FRIC. MISFIT CAYMAN MISFIT SUBDUCTION
K DIRECTION MM/YR COEFF. MM/YR TROUGH (DEGREES) MISFIT

1373 Due East 100 0.12 9.3 2.7 28.8 18.0

Cocos

30 degrees

1373 from north 80 0.12 10.4 11.3 30.1 1.7

Table 2. Comparison between lowest overall misfit resultsefastward directed basal velocity flow
and a basal velocity flow based on the surfacecitgi@f the Cocos plate relative to the Caribbean
plate (compared to plate kinematic modelkrieemer et al., 2003).

While the Cocos basal velocity model yielded poor results forCégman
trough spreading rate in the Caribbean, it provided a very good subd@atgaesult
along the MAT, with a misfit of only 1.7 mm/yr, whereas the subdoatate result
from the eastward basal velocity model gave a misfit reguli8 mm/yr. The low
subduction rate misfit for the Cocos basal velocity model supporfsogshility that

a mantle velocity based on the surface velocity of the Cocas ‘jdahppropriate for
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the Cocos plate”. However, it may not be suitable for the Caibpkate as indicated
by the large spreading rate misfit in the Cayman trough distusseve. This is
further supported when the misfits relative to the MAT and Caytnaugh are
normalized. The subduction rate misfit along the MAT for the eadthasal velocity
field is only ~23% too slow, whereas the spreading rate misfitgathe Cayman
trough for the Cocos based velocity field is ~80 % too slow. Additiomalyaes of
these models are discussed in the following results section, andem@dditional

contrast between the results of the two models.
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6. RESULTS

6.1 RESULTS BASED ON LOWEST AVERAGE VELOCITY MISFIT
USING ONLY A DUE EAST BASAL VELOCITY FIELD

The model parameters with the lowest overall velocity miskrenfor a
temperature of 1323 K, a basal velocity of 40 mm/yr, and a faciiofn coefficient
of 0.12. This yielded an overall velocity misfit of 8.4 mm/yr, a spireamisfit at the
Cayman trough of only 2 mm/yr, and a reasonable stress direcisfit ofi 29.5
degrees. The surface velocity for this model is shown in fig@reHdwever the
subduction misfit along the MAT was significant, at over 60 mn¥iiis implies that
very little subduction occurs along the MAT with these test patars (figure 24).

The geodetic misfits of this model are illustrated in figure 25.
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Figure 23. Surface velocity for the lowest average velocitgfihinodel with parameters of
1323 K, 40 mm/yr basal velocity, and a fault fiacticoefficient of 0.12.
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Figure 24. Fault slip rates for the lowest overall velocitysfitimodel with parameters of 1323 K,
40 mm/yr basal velocity, and a fault friction caeiffint of 0.12. However, the subduction misfit is
significant along the MAT, with only 15 mm/yr sulilion instead of the estimated average rate of
~75 mm/yr relative to the Caribbean, based on tBRK3 project (Kreemer, et al., 2003).
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Figure 25. Geodetic misfits for the lowest average velocitgfihimodel with parameters of

1323 K, 40 mm/yr basal velocity, and a fault fiacticoefficient of 0.12.
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6.2RESULTS USING VELOCITY AND DIRECTION OF COCOS PLATE

The surface velocity results using a basal velocity field derivem the
velocity of the Cocos plate relative to the Caribbean (Kreesheal., 2003) are
presented in figure 26. The average surface velocity of the CocdoBlazca plates
range between 40 and 80 mm/yr. The high velocities of thesespdae largely a
function of their thin lithosphere, allowing the basal velocitydfief the model to be
closer to the surface. A more significant observation from treséts is the single
digit velocities for the Caribbean plate. These low velocityueslare likely a
function of two controlling variables. The first is the thickendigphere of this plate
and the consequent deeper basal velocity field. The second varikitdéyiselated to
the eastward component of the basal velocity vector, which in thésisaveaker due
to the stronger northward component of the basal velocity field thatsrtbugy
degrees east of north. This would suggest that, in order for the Cariplata to
move faster to the east, a stronger eastward component of thevddasdl field is
required. The velocity misfits of the model relative to the geoadeeasurements can
be seen in figure 27. The most prominent feature is the largevasd misfit for the
Nazca plate. This misfit suggests that while the thirty degrast of north basal
velocity field may be appropriate for the Cocos plate, iteanty unsatisfactory for

the Nazca plate.
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Figure 26. Most of the Cocos and Nazca plates have surfaceitiels between 40 and 80 mm/yr,
whereas velocities in the Caribbean plate are énsthgle digits. The large velocity contrast betwee
the Cocos and Caribbean plates results in the duplduction rates along the Middle America Trench
observed in figure 28. However, the lack of cortedsng the boundary between the Cocos and Nazca
plates is equally responsible for the lack of faaktension here. These results would also appear to
suggest that in order for the Caribbean plate tearibere must be a more eastward component to the
basal velocity field; otherwise the plate will mabve.
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Figure 27.Geodetic misfits from a model using a Cocos plaeaity of 80 mm/yr in a direction 30
degrees east of North. The isothermal temperatasesgt at 1373 K and the coefficient of friction fo
the faults was set at 0.12. The most notable nissfitith respect to the Galapagos, which indicttias

the Nazca plate in the model moves northward idstdaeastward. In addition, the geodetic misfits
suggest that the eastern Caribbean is not movstgfeough to the east.

The fault slip rates from the model are illustrated in figgBe The slip rates
are very poor with the exception of the MAT, where subduction oatuagate very
close to the average rate of 75.5 mm/yr estimated by Kreemeat. €2003).
Subduction also occurs along the boundary between the Nazca and SouttaAmeri
plates, but approximately 20 mm/yr slower than the 55.8 mm/yr dstimay
Kreemer et al. (2003). The slip rates along the northern, eastainsauthern
boundaries of the Caribbean plate are in the single digits, anadspyewithin the
Cayman Trough is nearly non-existent. In addition, many of thesfauthin the
North Andes plate and the northern Caribbean plate are locked. iBhaceurate

prediction of right-lateral motion along the Panama Fracture to the north, which

50



indicates northward motion of the Cocos plate; however, the extensauitihg
between the Cocos and Nazca plates is much smaller thamagm@um of 60 mm/yr

estimated by Kreemer et al. (2003).
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Figure 28. Fault slip rate results for a model with a basabeity field of 80 mm/yr at 30 degrees
east of north, which is consistent with the closiatg between the Cocos and Caribbean plates as
determined by the GSRM model (Kreemer et al., 2008 results are very poor with the exception of
the subduction rate along the Middle America Trer@he surprising result is the very low extension
rate between the Cocos and Nazca plates, whichtmsigiigest a problem with the model at this
location as the entire Nazca plate was not includékde model.

The direction of the maximum horizontal principal stre$ghis model is
presented in figure 29. The pervasive extensional features alongotiedary
between the Caribbean and South American plates, along Venezualan@agy to
the thrust and strike-slip faults that make up the majority oftebtonic features
along this boundary. In addition, the strong compressive features that a

perpendicular to the strike-slip faults along the northern boundatyeo€aribbean
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plate, adjacent to the Cayman trough, are contrary to the tedeatiares of this
region. These observations, along with the number of locked faultedbat in the
Caribbean, may suggest that the Cocos plate based basal veditydiy have too
strong of a northern component, such that it moves the Caribbeanmglegeto the

north than to the east.
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Figure. 29 Direction of the maximum horizontal principal ssesalculated in the model using a
basal velocity field based on the surface velogftthe Cocos plate relative to the Caribbean plate.

In summary, a basal velocity field similar to that of the suafeelocity of the
Cocos plate yielded overall poor results when the full model waiewed with
respect to surface velocity, fault-slip rates, and maximum hdakenncipal stress
directions. In particular, the number of locked faults provides toagdst evidence
that this particular basal velocity field is incapable of movimgplates in the correct

direction.
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6.3 RESULTS OF EASTWARD MODEL WITH REFINED PARAMETERS

The model parameters consisting of a temperature of 1373 K, avbasaty
of 100 mm/yr, and a fault friction coefficient of 0.12 had the lowestadtvmisfit and
the best fit to the MAT subduction zone. This model had an averaggtyehisfit of
9.3 mm/yr, a spreading misfit at the Cayman trough of 2.7 mm#ifreas direction
misfit of 28.9 degrees, and a relatively lower subduction misfil&fl. mm/yr.
Additional parameter testing was carried out to further refime model. The
parameters of 1380 K, a basal velocity of 100 mm/yr, and a factibfricoefficient
of 0.10 yielded the optimum results based on a combination of the minnelogity
misfit, minimum spreading misfit for the Cayman trough, and mininsutmduction
misfit along the MAT. Using these values, the average velaas§it was 9.1 mm/yr,
a spreading rate misfit along the Cayman Trough of 1.6 mm/gtreas direction
misfit of 28.1 degrees, and a subduction rate misfit of 20.5 mm/yr alenylAT.
The slight increase in subduction misfit along the MAT was expected due tatite sl

increase in temperature which reduced basal shear in the model.

6.3.1 QUALITATIVE REVIEW OF EASTWARD BASAL MODELS

A gualitative review of the results using the refined pararseibove starts
with the surface velocity rates and directions illustrated guré 30. The most
striking result is the large velocity contrast between theo€gdate and the entire
western boundary of the Caribbean plate. The velocities abruptisittoa from a
range between 70 to 100 mm/yr in the Cocos plate to a rangedret few mm/yr
and 30 mm/yr in the Caribbean plate. The majority of the surfeloeity within the

Nazca and Cocos plates point predominantly due east, whereas #ue sibcities
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within the Caribbean plate vary from east to northeast. The secoridmpustant
observation is with respect to the velocity vectors of the Noride& plate. The
velocity vectors point to the northeast in the southern portion of the plad
gradually “roll over” the northwest tip of South America and ultimately point dse e

adjacent to Venezuela.
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Figure 30. Surface velocity results using the revised pararsei€ 1380 K, a basal velocity of 100
mm/yr, and a fault friction coefficient of 0.10. &hmost notable feature is large velocity contrast
between the Cocos and Nazca plates and the entisteem boundary of the Caribbean plate. The
second important observation is with respect toublecity vectors of the North Andes block. The
vectors have a strong north-north-east componethieisouth of the block and rotate eastward ower th
tip of northwest South America where they ultimat@loint predominantly due east in eastern
Venezuela. Both features are significant due tdfdbethat the basal velocity model was held carista
at 100 mm/yr due east.

The highest surface velocities in the model occur along the boubdavgen
the Cocos and Nazca plates. This is likely a function of the suhfaat flow values

used to build the model in this area. The high heat flow in thismed@igure 11)
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likely produced an underestimation of the total lithosphere thickireptaces where
the lithosphere is thin the asthenosphere is closer to the suafateherefore the
basal velocity field is also close to the surface. In this qdati region, the surface
velocity ranges between 80 and 90 mm/yr, and is close to the b&satywef 100
mm/yr applied to the model. This is a major drawback of using heat flow datddo bui
the physical characteristics of the model, but it is the be#ttad currently available.
Several modifications of the heat flow values of the grid in the enadic region
were made in attempt to alleviate the problem. However, thdtseSom these
modified values were typically an order of magnitude worse thaortgaal model
results. The failure of the heat flow modifications to yield betesults is likely
related to the fact that the calculation of the total lithosptieckness is based on a
computational relationship between heat flow and elevation. Therefdigragy
modifications of either of these values will likely lead to umatak calculations of the
total lithosphere thickness. Another potential reason for this emdoeaelated to the
fact that only a small portion of the Nazca plate is included in the model aptbtieer
may not be modeled properly. Boundary conditions were added to the southern
boundary of the Nazca plate in half of the models run to addregzrttukem, which

did result in a reduction of this velocity error, but did not remove it entirely.

The fault slip rates in the model are presented in figure 3lemergl, the
fault slip directions are in good agreement with the observet dipildirections of
the region. Left-lateral strike-slip predominantly occurs aldregrtorthern boundary
with the North American plate, whereas extension occurs alon@aiy@an trough at

approximately 18 mm/yr, well within the observed range of 12 to 20'ymm
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(Macdonald & Holcombe, 1978; Rosencrantz & Sclater, 1986; Leroy €2(41Q).

Right-lateral strike-slip, with minor extension, is the predomireature along the
southeast boundary of the model region with South America. Rigiglatrike-slip
is also the predominant feature along the southwest boundary ofdtiel region

where the North Andes plate abuts the South American plate.
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Figure 31. Fault slip rates using the revised parameters 8018, a basal velocity of 100 mm/yr,
and a fault friction coefficient of 0.10. The spde®) rate of the Cayman Trough is 18 mm/yr, whih i
consistent with the 12 to 20 mm/yr estimated rékédacdonald & Holcombe, 1978; Rosencrantz &
Sclater, 1986; Leroy et al., 2000). Subduction eg@long the MAT but at a slightly slower rate than
that predicted by the global plate model GSRM (Kree et al., 2003). Subduction occurs along the
boundary between the Nazca and South America platiést a slightly higher rate than that predicted
by the same global model. Spreading also occumsgatioe boundary between the Cocos and Nazca
plates, but also at a rate slower than estimatetidoglobal plate model.

Within the North Andes plate (figure 32) minor left-lateralk&t-slip occurs
along the Santa Marta Bucaramanga fault, thrusting occurs dlegCentral

Cordillera, and the Western Cordillera is locked. The Oca faals locked, which
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is the case for most of the models examined. There is subduction north of Panama and
left-lateral strike-slip south of Panama. Northeastward subduatsmnoccurs along
the MAT, whereas near due east subduction occurs at the boundasembétve
Nazca and South America plates. The high rate of subduction betheedhouth
American and the Nazca plates is likely due to the excesslgeityeof the Nazca
plate as discussed above. The majority of these results are inagomeiment with
respect to the observed fault types and direction of slip. Haowéwey vary in

agreement with respect to the observed slip rates.
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Figure 32. Close-up view of North Andes and Panama Fractunt &ip results using the model
parameters of 1380 K, a basal velocity of 100 mpeyid a fault friction coefficient of 0.10. A key
observation is the north-south right-lateral slpthee Panama Fracture which is perpendicular to the
underlying due east basal velocity field of the elotiVhile the slip rate is significantly slower ththe
global model estimates, it clearly demonstrate$ ptate motions observed on the surface do not
necessarily represent the underlying flow patthat drives the plate.
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One of the more important observations of figure 32 is with redpetite
north-south right-lateral slip motion of the Panama Fracture.sigigficant because
the fault essentially moves perpendicular to the underlying essthasal velocity
field of the model. Admittedly, the slip rate is much slowentthe estimated rate of
50 mm/yr or greater (Cowan, 1998). However, the movement of this fault, and that of
the North Andes plate, clearly demonstrates the concept that esiudacities of
tectonic plates may not necessarily correspond to the underlygingpittern that

drives their surface motion.

A greater degree of complexity is further revealed by thection of the
maximum horizontal principal stress results of the model uré @3, which indicate
that most of the Caribbean plate is in a state of compressiomyimgairections. A
notable exception to this is the large area of extension in Guatedwnduras, and
Nicaragua, which continues into the continental shelf along thedgjea Rise to the
Cayman trough. There are other smaller regions of extensientlgiradjacent to
Venezuela as well. The extensional features in GuatemalaHamdluras are
consistent with the tectonics of the region (Caceres et al., 2008¢s 34 & 35), as
are the extensional features in Nicaragua, the NicaraguadRidehe Cayman trough
(figure 36). In addition, the extensional features observed aloagstiutheast
boundary of the model region appear geologically reasonable asotioey in
proximity to the Los Roques Canyon just north of Venezuela, whibbusded by a
series of normal faults (figure 37)he isolated segment of extensional stress in the
far southeast of the model region between the North Andes aiatSouth America

is likely a function of gravitational slide. At this location, the bougdault lies
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directly on a topographic high along the Andes. The combination dbdbadary
being a fault, together with the massive change in relief ogpaa of less then three
degrees between the mountain high and the ocean low, likely prodimedshde
affect in the model. Another notable area of extension occurs at the boundarynbetwee
the Cocos and Nazca plates. However, in this case, the orientagatens$ion is in

the east-west direction, which is contrary to the north-south eatetizat actually
occurs along this spreading ridge. This is the largest nmsfite model with respect

to most compressive stress axis results. One explanation fonigiismay be related

to the fact that only a small portion of the Nazca plate is included in the model.
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Figure 33. Direction of the maximum horizontal principal secalculated in the model using the
parameters of 1380 K, a basal velocity of 100 mpeynd a fault friction coefficient of 0.10. Most of
the model is in a state of compression with sevareds of extension. The only extension within the
Nazca plate is along its boundary with the CocaseplThe axial direction is variable, with somesaxi
being oriented northeast-southwest and othersveasit- With respect to the Caribbean plate, the
largest area of extension is located in GuatemadaHonduras, which is consistent with several ef th
previous models. The extensional features nortWeafezuela are mixed with a large percentage of
shear stress, which would seem consistent withrge Istrike-slip fault system. The segment of
extension in the far south segment of the southeastdary of the model, between the North Andes
block and South America, is likely an artifact ohgtational slide in the model due to the boundary
being a fault with a massive change of relief avepan of less then three degrees.
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Figure 34. Tectonic setting of northern Central America. FSaislt system, HD is the Honduras
depression, ND is the Nicaragua depression. Vahres arrows indicate relative plate velocities
(mm/yr) with respect to North American plate frolrdMEL-1A in DeMets et al. (1990). Values for
the Middle America Trench are from McNally and Mitgr (1981). Values for the North American-

Caribbean plate Boundary from DeMets et al. (20(pure taken from D. Caceres et al., 2D05
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Figure 35. Topography map and distribution of deformation eéles for seismogenic zones into
which northern Central America is divided. Valuesdircles are in mm/yr. Gray arrows indicate
compression, white arrows extension. Focal sphemessent the average focal mechanism for each

zone (Figure taken from D. Caceres et al., 2005
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Figure 36. Extensional features of Nicaragua, the Nicaragua Risd the Cayman Trough, which
are consistent with the extensional features itdicay the most compressive stress axes resulte of
model (Figure taken from Tectonic Map of the WoAdPG, 1994)

Figure 37. Significant extensional features just north of EastVenezuela that appear consistent
with the extensional features indicated by the nmmshpressive stress axes results of the model
(Figure taken from Tectonic Map of the World; AAPTR94)
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6.3.2 QUANTITATIVE REVIEW OF MODEL RESULTS

Two methods were used to quantitatively examine the result tnenfirtite
element modeling. A supporting program to SHELLS, called ORBI;®Rs used
to evaluate the entire model using 131 geodetic measurements, 16dst&essn
measurements, and 16 seafloor spreading rate measurementsll thathiie the
model. In addition, a detailed velocity analysis was done for thbligan and North
Andes plates. This method involved using the seven GPS stations examined by
Weber et al. (2001) to determine the most recent Euler pole dibrotaetween the
South American and the Caribbean plates. During constructidmeaibdel, seven
nodes were placed in the model that corresponded to these GPS stdteohorth
Andes plate was evaluated by comparing the results for sevea witien the plate
to the estimated plate velocity determined by Kellogg et al. (1$88ymueller et al.
(1993), Kellogg and Vega (1995), Kellogg et al. (1996), and Trenkamp &08ab)(
In all cases, the velocity misfits presented are with regpex fixed South American

plate.

6.3.3 EVALUATION OF ENTIRE MODEL USING ORBSCORE

Using ORBSCORE, the model had an average velocity misfit of 9.ymm/
and a worst single misfit of 66.3 mm/yr. A graphical represemtaif the velocity
misfits over a 10 million year period is presented in figure 3& @rrors for the
Caribbean and North Andes plate are quite small. The results from the meeléhda
Galapagos moving toward South America at a rate of 95 mmbsedb the basal
velocity condition) in a direction of 95.7 degrees from east of north. @GBBM

global plate model (Kreemer et al., 2003) predicts the Galapagosve toward
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South America at a rate of 55.8 mm/yr in a direction of 87.7 dedremseast of
north. This is a misfit of nearly 40 mm/yr too fast. Howevers itlmportant to note
that the misfit in direction is only 8 degrees. The velocitgfinin this region was
significantly lower for the model where velocities relativeSouth America were
applied to the lower boundary of the incomplete segment of the Nazca plate that made

up the model.

The errors in heat flow data for the Cocos and Nazca plate podfotie
model may also explain the fault slip rate misfits observed akheg major
subduction zones on the western side of the model. The rate of subductiba for
MAT averages 55 mm/yr, which is approximately 20 mm/yr too skelative to the
predicted rate of 75.5 mm/yr taken from global plate model GSRMe{ier et al.,
2003). In addition, the subduction in the model between the Nazca and South
American plates averages 86 mm/yr, which is 20 mm/yr tovahkt respect to the
estimated values of GSRM. Spreading between the Cocos and Naesaoglaurs in
the model at a maximum rate of 11 mm/yr, which is considelaklgr than the 60
mm/yr rate estimated by GSRM. However, the spreadingoetteeen the Cocos and
Nazca plates did not improve in the model where velocity boundary aorsddaiong

the southern boundary of the Nazca plate were applied relative to South America.

An evaluation of the 16 stress measurements that fell withimddel gave a
mean azimuthal misfit of 28.2 degrees. These results are gbdrbased on the

discussion above, where good model results are considered to be those where the
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azimuthal difference between the field data and model reselid@se to 25 degrees.
Had the model results been poor, the azimuthal difference betweéelthdata and

model results would have been closer to 45 degrees.

While there were sixteen seafloor spreading data points aeail@blse by
ORBSCORE, only the spreading ridge of the Cayman Trough lvssly examined.
The spreading rate misfits between the Cocos and Nazca pktesliscussed above
and the spreading rate along the EPR was very close to thetgdedite by GSRM,;
this is expected as the basal velocity field was set to approximajeréaelsg rate of
the EPR. The spreading rate of the Cayman Trough was approxirt8tehm/yr,

which yielded a very low spreading rate misfit of only 1.6 mm/yr.
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Figure 38. Model geodetic misfits over a 10 Ma period usihg tmodel parameters of 1380 K, a
basal velocity of 100 mm/yr, and a fault frictiooefficient of 0.10. The arrows represent the vejoci
“misfit” of the model, and point in the directionhere the model is either moving too fast or to slow
with respect to South America. The arrows indicateery good fit between the geodetic data and
model results for the Caribbean and North Andeteplalhe largest misfit occurs in the Nazca plate a
the Galapagose GPS site which gave a velocity madmimisfit close to 40 mm/yr too fast, but a
velocity directional misfit of only 8 degrees (Kraer et al., 2003). The velocity magnitude misfit is
most likely a consequence of an error in the playsitodel that can not be resolved at this time.
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6.3.4 DETAILED EXAMINATION OF CARIBBEAN PLATE RESULTS
USING INDIVIDUAL GPS STATION DATA WITHIN THE PLATE

Nodes were place in the model at the exact locations of the seven GPS stations
used by Weber et al. (2001) to determine the most recent Eulkeropabtation
between the South American and the Caribbean plates. This was dong sorne
of the bias in the clustering of the geodetic measurementwittimodel that may
not have been handled as well by ORBSCORE. The velocity and directionad oésult
these seven nodes, with respect to South America, are presentdueir8t The
average velocity for these nodes, as determined from the Euler ipoldd $e 19.4
mm/yr. The average from the model was 16.0 mm/yr. This givesan misfit of 3.6
mm/yr, which is a further reduction of the velocity misfit caddetl by ORBSCORE.
The mean direction of the seven GPS stations, as determinedheoEuler pole,
should be 91.4 degrees from North. The results from the model yieldataye of
84.0 degrees. This gives a median directional misfit for the modél9tiegrees
relative to the Euler pole. The largest directional misfitvigh respect to the San
Andres Islands, which appeared to be a consistent misfit in other modeland is
the reason the median, instead of the average, was used to evaluditedtienal

misfit.
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OBSERVED | OBSERVED MODEL
GPS Stations
(Weber et al., 2001) DIRECTION VELOCITY DIRECTION V ELOCITY
Aves Island 91.4 27.8 84.5 16.6
Barbados 83.9 18.7 88.4 15.9
St. Croix 88.7 16.6 83.9 16.9
Puerto Rico 91.5 16.3 79.1 12.0
Dominican Republic 96.6 16.7 78.4 16.4
San Andres Islands 105.1 19.7 80.5 18.6
Trinidad 85.9 19.6 86.6 14.9
MEAN VALUE 91.4 19.4 83.9 16.0
ABSOLUTE DIFFERENCE BETWEEN NODES
Aves Island 6.8 11.2
Barbados 4.5 2.8
St. Croix 4.7 0.2
Puerto Rico 12.3 4.3
Dominican Republic 18.2 0.3
San Andres Islands 24.6 1.0
Trinidad 0.6 4.7

MISFIT SUMMARY

MEAN MISFIT 3.5

MEDIAN MISFIT 6.8

TABLE 3. Comparison of model results to the 7 GPS statiegas@ed by Weber et al. (2001).

6.3.5 DETAILED EXAMINATION OF NORTH ANDES PLATE RESULTS

A similar method of model calibration was performed for the INémdes
plate (table 4). The nodes selected were taken from north to sosttitch a manner
that they give a fair representation of the individual fault bldbles comprise the
North Andes plate. In addition, the nodes were selected such thaefiregent the
interior of the individual fault blocks, and thus were not associaitdd amy fault
elements. The results in table 4 are compared to the éstimmovement of the North
Andes plate based on both geologic and geodetic information (Keltoglg €985;
Freymueller et al., 1993; Kellogg and Vega (1995), Kellogg etl8B{g); Trenkamp
et al., 1996). The plate is estimated to move at a rate of 1§rnainan angle of 55

degrees to the northeast. The mean was taken for the veloshiegas the median
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was taken for the directional values. The average velocityeobliock for the model
was 9.2 mm/yr, resulting in a difference of 0.8 mm/yr from the observed. Tregaver
direction for the model results was 55.5 degrees. The velocity armadi@ia results

are therefore in very good agreement with the observed data.

MODEL MODEL
NODE NUMBER FROM MODEL RESULTS RESULTS
DIRECTION Velocity
DEGREES mmiyr
FROM NORTH
878 67.2 15.6
845 64.0 10.3
767 59.1 11.0
764 48.5 6.3
561 44.4 9.4
630 42.2 7.3
523 56.1 4.1
MEAN VELOCITY 9.1
MEAN DIRECTION 55.5

TABLE 4. North Andes plate velocity analysis using direcsi@md velocities of 7 nodes within the
plate which were unassociated with any fault nodég North Andes plate is estimated to move at a
velocity of 10 mm/yr in a direction of 55 degreesm north(Kellogg et al., 1985; Freymueller et al.,
1993; Kellogg and Vega (1995), Kellogg et al. (1@98enkamp et al., 1996).

6.4 SLAB PULL MODEL

While the focus of this study is primarily on an eastward haadrag model,
three additional simulations based on the slab pull model were rire @ame finite
element grid for comparative purposes. The boundary conditions along tie Nort
American portion of the model and the lower boundary of the Nazoa ke set
relative to South America in all three models. In addition, the lhasglerature and
was set to 1380 K and coefficient of friction for the faults veaieto 0.12 applied to

all models.

69



The first of these models (SUB1) consisted of applying veloctbesnly
those nodes in the finite element grid that occupied subduction zone bhesradang
Central and South America. In addition, the model was run such thaatheobthe
lithosphere was free from traction. The velocities for the submuzbne nodes were
calculated based on the Euler poles of the Cocos and Nazca plates to South
America. The parameters of the second model (SUB2) werby tiea same as SUB1
with the exception of the addition of velocities to the nodes along the subduction zone
in the Caribbean adjacent to the North Andes plate. The veloaities determined
using the Euler pole of rotation for the Caribbean plate relativ&otdah America.
The third model (SUB3) was identical to SUB2 with the exceptionlthsal traction

was applied to the model. The basal velocity field for all models was sebto zer

6.4.1 SUB1 RESULTS

The surface velocity results for SUB1 are shown in figure 3® whe
geodetic errors presented in figure 40 and fault slip ratedagied in figure 41. One
of the basic goals of running SUB1 was to determine if the fofs the
subducting slabs of the Cocos and Nazca plates were significanthebtmuge
responsible for the movements of Caribbean and North Andes plates e @\ihe
surface velocity results, geodetic error results, and faipltrates for this model
suggest this to be unlikely. The average geodetic error fondigel was 12.8 mm/yr.
The stress direction error was error very good at 25.5 degremgevidr, close
examination of the fault slip rates in figure 41 reveal #ikbof the faults within the
Caribbean plate were locked. In addition, the interior velocitieheihbdes within

the Caribbean plate had velocities of less than 1 mm/yr. Withategpe¢he Cocos

70



and Nazca plates, the magnitude and direction of the surface ydield{ and fault
slip rates, appear “reasonable” based on both GPS measurements glotahplate
model of Kreemer et al. (2003). On the other hand, it is noteworétytlie geodetic
error related to the Galapagos was 14.6 mm/yr, which is surpyigirgii considering
that boundary conditions were applied to the base of the Nazca pla& as along
the subduction zone between the Nazca and South American platesetal géme
results for SUB1 were reasonable for the Cocos and Nazca,datevere very poor
for both the Caribbean and North Andes plates. One additional notewastlitythat
points to this being an unsuccessful model can be seen in the direttibe
maximum horizontal principal stress along the southeast boundatlyeomodel
between the Caribbean and South American plates (figure 42)tr€ks gesults here
would suggest a high concentration of normal faulting, which is contrahe actual
tectonic features at this location which are predominantlycagsd with thrust and

strike-slip faulting.

71



-110 -100 -90 -80 -70 -60 -50

20

10

LATITUDE

-110 -100 -90 -80 70 60
LONGITUDE
BT | T ] —
10 20 30 40 50 60 70 80 90 mm/year 98.5 mm/year

Figure 39. Surface velocity results of SUB1 using velocitissigned to nodes along the subduction
zones adjacent to Central and South America; velat SA. The basal velocity field was set to zero,
and the base of the lithosphere was traction ffee.basal temperature was set to 1380 K, and & faul
friction of 0.12.
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Figure 40.Geodetic errors for model SUB1.
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Figure 41.Fault slip rates for model SUBL.
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Figure 42. Direction of the maximum horizontal principal ssef®r model SUB1 using velocities
assigned to nodes along the subduction zones adjac€entral and South America; relative to SA.
The basal velocity field was set to zero, and thsebof the lithosphere was traction free. The basal
temperature was set to 1380 K, and a fault frictain0.12. The most notable feature is the
concentration of normal faulting along the southé&asindary which is contrary to the actual tectenic
at this location which is predominantly thrust atidke-slip faulting.
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6.4.2 SUB2 RESULTS

The surface velocity results for SUB2 are shown in figurewd® the
geodetic errors presented in figure 44 and fault slip ditgdayed in figure 45. The
direction of the maximum horizontal principal stress is presentdidjure 46. The
average geodetic error for the model was 8.5 mm/yr, whereas tsads error
along the Cayman Trough was 13 mm/yr too slow. The average ditt@sson error

for the model was rather good at 28.2 degrees.

There are several noteworthy observations that pertain particub the
surface velocity field and fault slip rates for model SUB8Iliké model SUB1, the
Caribbean plate does move faster. However, the western portitthre d@aribbean
plate moves predominantly to the south-southeast, directly towardsuliuiction
zone (dashed red line) where the nodes were assigned velocity gahsstent with
the motion of the Caribbean plate relative to South America.iFlmgonsistent with
the geodetic measurements of the Caribbean which indicate a pnattisnieast to
slightly northeast motion (Mann et al., 2002; Weber et al., 2001). Alsosurface
velocities abruptly change to a nearly due east directiorbgygind the subduction
zone, but at velocities nearly 10 mm/yr too slow. In addition, exaramafithe fault
slip rates along the northern boundary of the Caribbean plate with Norénica
indicate slip rates in the single digits rather than in a rlwey@een 18-20 +3 mm/yr
(DeMets et al., 2000). With respect to the Cocos and Nazca,pthtewvelocity
magnitude and direction were consistent with those for model SUB1 tivé

exception that the geodetic error for Galapagos was slightly lower at 11y8.mm/
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Figure 43. Surface velocity results of SUB2 using velocitissigned to nodes along the subduction
zones adjacent to Central and South America asasethe subduction zone in the Caribbean adjacent
the North Andes plate (dashed red line); relativ€A. The basal velocity field was set to zero, ted
base of the lithosphere was traction free. Thellasgerature was set to 1380 K, and a fault ticti

of 0.12.

GPS velocity
(% 10 Ma):

A—(-?gs%-c.
23 mm7a

Figure 44.Geodetic errors for model SUB2.
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Figure 45.Fault slip rates for model SUB2.
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Figure 46. Direction of the maximum horizontal principal sse®r model SUB2 using velocities
assigned to nodes along the subduction zones adjice€entral and South America as well as the
subduction zone in the Caribbean adjacent the Namtes plate (dashed red line); relative to SA. The
basal velocity field was set to zero, and the bafs¢he lithosphere was traction free. The basal
temperature was set to 1380 K, and a fault fricib0.12. Unlike model SUB1, these results are more
consistent with the tectonic features seen througtiee modeled region.

6.4.3 SUB3 RESULTS

The surface velocity results for SUB3 are shown in figurewdth the
direction of maximum horizontal principal stress illustrated gurfe 48, geodetic
errors presented in figure 49 and fault slip rates displayeunef 50. The average
geodetic error for the model was 9.8 mm/yr, whereas the spgeadior along the
Cayman Trough was 13.6 mm/yr too slow. The average stressiatirecror for the
model was rather poor at 36.8 degrees. All of these values are thighdhe results
for model SUB2, which it is nearly identical to, with the exceptbthe addition of

basal drag.
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The surface velocity results in the Caribbean are nearly adrto SUB2
with respect to direction and velocity, with only a slight de@easverall velocity.
The primary difference in the velocity field between SUB3 and S$Bvith respect
to the Cocos and Nazca plates. Unlike in model SUB2, the veloait®dB3 rapidly
decrease away from the subduction zones where the velocity condieonspplied.
This created two predominant features not seen in SUB2, wheaktladion was
not applied. The first is with respect to the direction of maxinmamzontal principal
stresses. The stress field in the Cocos and Nazca plat&&JBR is predominantly
compressional, whereas in SUB3 the stress field in the Cocodlarah plates is
predominantly extensional, which is inconsistent with the overalbnexs of that
region. The second notable feature is that the fault slip ratee®etthe Cocos and
Nazca plates was significantly lower than those observed in ;8t4H1 and SUB2.
The surface velocity field results within the Caribbean plageewconsistent with
those observed in SUB2 such that they predominantly moved towards the sout
southeast in the western portion of the plate, which is inconsisiénthe general
east to north-east trend determined by GPS measurements @¥lal., 2002; Weber
et al., 2001). The fault slip rates were also consistent withethdts of SUB2 such

that they were significantly slower along the boundary with North America.
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Figure 47. Surface velocity results of SUB3 using velocitissigned to nodes along the subduction
zones adjacent to Central and South America asaseate subduction zone in the Caribbean adjacent
the North Andes plate (dashed red line); relativeSA. The basal velocity field was set to zero.
Traction was applied to the base of the lithosph&he basal temperature was set to 1380 K, and a
fault friction of 0.12.
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Figure 48. Direction of the maximum horizontal principal sefsr model SUB3 calculated in the
model using velocities assigned to nodes alongsthmluction zones adjacent to Central and South
America as well as the subduction zone in the @adb adjacent the North Andes plate (dashed red
line); relative to SA. The basal velocity field wsst to zero. Traction was applied to the basdef t
lithosphere. The basal temperature was set to K38and a fault friction of 0.12. Under these
conditions, the Cocos and Nazca plates would detradasextensive normal faulting throughout both
plates; something that is not observed.
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Figure 50. Fault slip rates for model SUB3.
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6.4.4 SUMMARY OF MODELS SUB1 THROUGH SUB3

The concept of subduction zones being the primary driving force for plate
motion was tested in the three models described above. The first, iBatk:, was
designed to test whether or not the forces from the fast moving @Gocb®azca
plates could be responsible for the movement of both the Caribbean ahdANdes
plates. The nodes along the subduction zones adjacent to Central and Setita Am
were the only nodes that had velocities applied to them; all other noees
initialized to zero. In addition, the base of the model (lithospheas)traction free.
The results were such that the surface velocities and fguliasés were rather good
within the Cocos and Nazca plates, but both the Caribbean and North rAnded
only marginally, and all of the faults were locked. The second m&i#B2, was
designed to address the lack of movement within the Caribbean and Ataltis
plates by applying velocity conditions to the subduction zone diradihcent to the
North Andes plate. The results for this model were an improvemenSa#l, such
that the Caribbean and North Andes plates both moved at rates Mighehose in
SUBL, yet still nearly 10 mm/yr too slow in the Caribbean. In addithe velocity
field in the western portion of the Caribbean plate moved south-sotyjtbdeastly
toward the subduction zone where the velocity conditions were appliedesumed
an eastward movement directly past the subduction zone. This south-sbuthea
velocity movement is contrary to the current observations of thibligan plate
which is predominantly east to northeast. The fault slip rates dlmdoundary
between the Caribbean and North America plates were also suddBtasitiwer then

the observed slip rates. These poor results are likely due toth®tsoutheast
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direction of the surface velocity field in the western portiothef model along with
the overall slow movement of the Caribbean plate in general. ModBB Sths

identical to model SUB2 with the exception that basal tractionapplied to it. The
results were not too dissimilar to those of SUB2 with resmegtlocities and fault
slip rates in the Caribbean. However, the results significaatigd within the Cocos
and Nazca plates where the velocities drastically decreagyglfrom the subduction
zones. In addition, the stress field results for these two pladésated that under
these conditions, the state of stress for both the Cocos and Natasavedauld be

predominantly extensional, which is inconsistent with the tectonic tonsliof these

two plates.
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7. DISCUSSION

Historically, the measurements of relative motions betweetorie plates
have largely been based on geologic observations. However, over théwpast
decades, the use of highly accurate GPS data has begun to smp@lecher replace
geologic data used for estimating plate motions. The region@¢hused here has the
advantage of having a large number of GPS measurements witlag well as
geologic complexity, such that velocity misfits output from the rhada primarily
be attributed to inaccuracies of the model and not the fieldunements. Therefore,
based on the small velocity misfits presented here betweenoithe nesults and GPS
measurements, there is strong support for an eastward mantlbdimath most of

the modeled area.

However, GPS data is sparse in the Cocos and Nazca plates vakehthe
results in these regions of the model the least certain. ulithustion zone along the
MAT is the portion of the model where the lack of GPS data hintersvaluation of
the model results the most. Estimates of the subduction rate dfdbes plate
beneath Central America are primarily based on seafloor meagmewersal data.
These measurements are less accurate than GPS measurehiemtshake it more

difficult to ascertain the accuracy of the subduction rate misfit from thieeino

While the rate of subduction between the Cocos and Caribbean platereong
MAT is too slow in most of the eastward flow based models, tloeegiancies can be
easily accounted for by either errors in the plate kinematiclets used for

comparison, or slight errors in the total lithosphere thickness atdculfor the
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subducting slab of the Cocos plate. However, the angle at whicGdbes plate
approaches the MAT is consistently very large in nearlyfathe eastward basal
models where all other comparative values had small misfitsegood (surface
velocity and direction, spreading rate of the Cayman Trough, agskddirections).

On average, most of these models have a maximum approach arffedefrees
azimuth, which is considerably more than the estimated 26.6 degreeathaz
(DeMets et al., 1990). The 26.6 degrees azimuth was determined through
reexamination of the slip-vector data used by DeMets et al. (199€H that only the
Harvard CMT data were used. This discrepancy can not be eashoaked.
However, several authors suggest that subduction of the Cocos pbtEie to the

MAT (DeMets, 2001; Guzman-Speziale, 1995; Harlow and White, 1985; Fitch,
1972). In addition, Giner-Robles et al. (2008) evaluated 488 focal mechamitmims

the Caribbean, Cocos, and North American convergence zone. Their findings
revealed at least three slip trajectories within the regitve. Slip trajectory of the
Central American Volcanic Arc has a lateral movement towHrdsESE. Between

the Motagua-Polochic fault zone in Guatemala and Lake Managua in Niaathgre

were two different depth-dependent slip trajectories. For shaéothhquakes, the slip
trajectory was determined to be N30E. For earthquakes deeper ttkam, 7i0e slip
trajectory was determined to be N50E, which is significantlyeclts the 75 degrees

azimuth predicted by the eastward basal flow finite element models.

The wide variation in slip directions determined from earthquake focal
mechanisms can similarly be seen in the surface velocitjtses the eastward basal

flow model of run number 48 (figure 51). In these particular resuits,strface
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velocities of “both” the continental crust of Central America dreddceanic crust of
the Cocos Plate move oblique to the MAT. The directional componestrtdce
velocities for the continental crust of Central America vasigsstantially from west
to east relative to the MAT. Directly adjacent to the MAT, phedominant velocity
direction is to the southeast. The velocity direction rapidly retadethe northeast
away from the MAT to the east though Guatemala, Honduras, aadayia and into
the Caribbean Sea. The large changes in velocity direction otsarttee model for
Central America are not observed in the Cocos plate. In general, the velmmitiodi
of the Cocos plate changes from due east directly adjacers tdAf in the north
and gradually rotates to northeast along the trench down to the PRrechae. The
magnitude of the Cocos surface velocity is roughly 30 mm/yerfdetan the surface
velocity in Central America and the Caribbean Sea, which sugpff@targument for

subduction along the MAT.

Additional evidence for oblique motion between the Cocos plate and Centra
America is also seen in a close-up view of the ocean floor ateniyIAT illustrated
in figure 52. The sub-parallel lineations in the ocean floorctyreadjacent to the
MAT can be interpreted as wrench faults that would be typicatride-slip motion
between two plates, whereas, for comparison, the parallel lineatitms ocean floor
directly adjacent to the Japan Trench are consistent with eefaarks that occur in
compressional environments such as the one there, where the Platdiconverges

with the Eurasian Plate in a direction perpendicular to the trench (figure 53).
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One final observation with respect to the surface velocity esafltthe
eastward basal velocity model directly adjacent to the MAhas the movement of
the Cocos plate over time may very well be a function of bothedstion to an
underlying mantle flow direction and its interaction with the maosemof the
continental crust of the southern portion of Mexico and Central Amekicample
graphical experiment is illustrated in figure 54 where the outhinthe MAT was
digitized and copied several times. Each copy of the trenchpwased clockwise
about a point just west of Guadalajara Mexico. Many of théndiste kinks in the
trench tracked well with several curvilinear features witthe Cocos plate. In
addition, the final projection of the trench lined up rather welwhe subtle features
and bends along the East Pacific Rise. While admittedly thisati&oes not account
for projection distortion, such distortion was deemed minor due to thveglesmall
area covered. These observations could suggest that the features dlsethve
ocean floor of the Cocos plate are a record of the movement obriieental crust
of southern Mexico and Central America that result from the Cptaie moving
faster then the continental crust, but in a path of least resstemch would be in

the direction the continental blocks move.
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Figure 51. Surface velocity results from a successful eastwashl velocity model. There are two
prominent velocity directions directly west andteafsthe MAT such that both directions are oblique
to the strike of the MAT. Central America predonmitip moves to the ESE, whereas the Cocos moves
in a direction slightly NE, but at a greater magdé that that of Central America.
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Figure 52. Close-up view of MAT where the striations in theeanic crust that are oblique to the
trench, are interpreted as potential reverse faukmted by oblique motion between the Central
American continental crust and the Cocos ocearateplThis would be consistent with the model
results illustrated in figure 51.
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Figure 53. Close-up view of the Japan Trench where the &triatin the oceanic crust, parallel to
the trench, are interpreted as potential reverséisfaaused by compression that results from the
convergence of the Pacific Plate perpendiculahéatitench.
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Figure 54.The shape of the MAT clo

the transposition of the copied red line alongNt&T to the dashed lines that pivot about a poinstve
of Guadalajara Mexico (image does not account ésisiple projection distortion). This may suggest a
possible relationship between the movement of triental crust of Mexico and Central America
and the oceanic crust of the Cocos plate.

SHELLS accounts for subducting slabs down to a depth of 100 km. Beyond

this depth the slab is truncated and it is unknown what possiblésaffe@ model are
left out when slabs that extend deeper than 100 km are truncateds parsicularly

important with respect to the model tested here, where a predondasiward

mantle flow is imposed on the asthenosphere. Burbach et al. (1984)bdetmi
Cocos slab beneath Central America as having three major segmbkatsouthern
segment extends north from the Panama Fracture to the NR@&wyiasula and is
poorly defined. The middle segment consists of two sections ahéd isest defined

of all three segments; the first section extends north fronNtbeya Peninsula to
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western Guatemala, and the second section extends from westetem@la to
Orizaba, Mexico. The third segment extends from Orzaba to theaRkmacture
Zone. The southern and northern segments of the plate subduct to a depitiaries
100 km with a shallow dip angle of roughly 30 degrees or lessniitidle segment
subducts to depths between 210 and 240 km with a dip angle around 60 degrees. Only
the southern and middle segments of the plate were included imitee diement
model. The contrast in surface velocities on either side of dlkesCand Nazca plates
in the model can be used to some extent to investigate whetsefie the model a
subducting slab has on the eastward flowing asthenosphere. While dnof tHa
total depth of the Cocos slab is accounted for in the model, therstisng surface
velocity contrast in the model on opposite sides of the MAT, whereitie®in the
Cocos plate average between 70 and 80 mm/yr but only 20 mmhye @dribbean
plate. This might suggest significant slab interference wihetistward mantle flow.
However, the maximum depth of the subducting Nazca slab adjacent to Colombia and
Ecuador is only 50 km (White et al., 2003). If the slab interference twdy
significant in the model, the shallow depth of the Nazca slab shoalddprless
interference to an eastward basal velocity field and thereésrdt in an even higher
surface velocity for the North Andes plate compared to thebteein plate. This is
not the case. The surface velocity results for the North Andés @te lower than
those for the Caribbean plate by about 10 mm/yr on average. Theta®@ncept
of a subducting slab potentially blocking an eastward mantle floweappegligible

in this case.
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The structural variability of the Negredo et al. (2004) model wasiderably
limited as most of the model was comprised east-west stifkéaslts. In addition,
the fault friction coefficient was set so low (0.03) in the mdtat resistance to the
forces applied by the plates adjacent to the Caribbean péaeessentially negated.
These features made it inevitable that an eastward flowinglenwill move the
surface of this model to the east. Negredo et al. (2004) alsoudedcthat a basal
velocity of 20 mm/yr, set at 400 km below the surface of Cariblpéate, provided
the lowest overall misfits to observed data, including the surfalceity. This raises
a significant question regarding the validity of their model andlte¥ecause the
surface velocity of the Caribbean plate is also 20 mm/yr to dse &hese results
would suggest complete coupling from the base of the model at 400 km to the
surface, and thus imply that no shear occurs through the entire 400 Woalver

section; something that would seem unlikely.

While the Negredo et al. (2004) model encompasses approximatgly fift
percent of the model tested here (figures 55 and 56 respectihelsg, were several
significant differences between the two models. The firsomdifference is the
purpose for building and testing each model. The Negredo et al. (2004) wasle
built primarily to test what, if any, mantle conditions wereassary to move the
Caribbean plate at the rate and direction currently determige@RS data. The
results from this model indicated that an eastward mantle fla2d ahm/yr beneath
the Caribbean plate was necessary in order to agree with thel@®R. While these
results are somewhat questionable, the area covered by the moeel as a good

starting point for building the model to be tested here. The purpose of the model built
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for this study was to test whether or noglabal eastward mantle flow is a viable
explanation for the multitude of varying plate geometries, sizelcities, and
direction of movement. The model was limited to the size of epmabgmodel in
order to simplify the problem while at the same time maimginnany of the

complexities that exist in a global model.

The second major difference between the two models was the size and number

of plates included in the model. While the Negredo et at. (2004) nsedetd as a
good base for the model tested here, it lacked the compleistied above to test the
global eastward mantle flow concept as it was comprised ofamdycomplete plate,
the Caribbean plate, and a partial plate, the northernmost sectioa btth Andes

plate. This required significant expansion of the model in ordexctode and test the
necessary variety of plate geometries, sizes, veloc#ms,direction of movement.
The addition of all of the North Andes plate, most of the Cocos pladea @ortion of

the Nazca plate significantly distinguished the model testezlfh@m the Negredo et

al. (2004) model.

The significant extension to the south of the model tested hemgyeeio the
Negredo et al. (2004) model, made the test more comprehensivesgict to the
North Andes plate. The southernmost portion of the North Andes platdlyliabuts
against South America with only north-south trending faults and nonesgstfaults.

Therefore, it provided a more robust tesbtahe eastward basal flow concept than
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the Negredo et al. (2004) model by testing whether or not anadstmantle flow
could move the complete North Andes plate both north and east as iddgaBPS

data.

The extension of the model to the west was the most signifiiiatence
between the Negredo et al. (2004) model and the model tested herext€hsom
added nearly all of the Cocos plate, which moves north-northeast, antiba pbthe
Nazca plate, which moves nearly due east. It also included both ttrespath
spreading rift and north-south moving Panama Fracture that seff@aB®cos and
Nazca plates. These additional features added significant compteiiky model that
the Negredo et al. (2004) model lacked, and provided a robust means toetest t
ability of a simple eastward mantle flow to recreate suefase complexities. In this
expanded portion of the model, an eastward mantle flow would have to move the
surface simultaneously in three different directions. The extertdithe model to the
west also tested the uniqueness of the 20 mm/yr mantle floeatiethe Caribbean
plate determined by Negredo et al. (2004). The Cocos and Nazcarplate at rates
between 70 plus and 55 mm/yr respectively, whereas the Caribbe&lodhdAndes
plates move at 20 and 10 mm/yr respectively. These velocity radgeitand
contrasts raised an additional question to the viability of a 20 mmantle flow

being able to account for such plate motions.

There were both similarities and dissimilarities betweenrdsailts of the
overlapping sections of the model tested here and that presentéeglbsdo et al.

(2004). The results of both models suggest that an eastwardflbas& necessary
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within the mantle beneath the Caribbean plate in order for it to nmogemanner
consistent with GPS observations of the region. However, this is wihere
similarities end. The results presented by Negredo et al. (20€4)only given with
respect to a base of lithosphere temperature of 1150° C (1423 K). T tested
here included five different basal temperatures; including 1423K. sEneitivity
analysis presented in figure 17 clearly demonstrates that thexe several
combinations of basal temperature, basal velocity, and faulbfricbefficients that
can produce low misfit values to surface velocities determireed GPS data in the
region. The reason for this non-uniqueness can be explained using thanfpllow
examples. A model where the surface velocity resultsasterfthan the geodetic data
can be compensated for by an increase of the basal tempeaattine model. The
increase in temperature reduces the shear in the model and treztebss the energy
transmitted to the surface from the basal velocity fieldaethe model. Likewise, a
model that produces surface velocity results that are too slovee compensated for

by increasing the basal velocity of the model.

The discrimination of the model parameters can better benuats by
examining whether or not a specific set of parameters canuat for both the
velocity of the Caribbean plate and the subduction rate of the Codesafag the
MAT. The subduction rate of the Cocos plate is estimated to bélyo6§ mm/yr
faster than the surface velocity of the Caribbean plate. Tak/sss could not be
done on the model tested by Negredo et al. (2004) because the MATheasdary
for the model, and therefore all the nodes along this segment ahddel were

assigned fixed velocities that were calculated by the sBoier poles used to
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estimate the rate of subduction for the Cocos plate. Therdfagesubduction rate
along the MAT for the Negredo et al. (2004) model was predeterminedpiidblem

was eliminated for the model tested here by extending the rhodatlary out to the
East Pacific Rise. This enabled the nodes along the MAT to respesig fo the

parameters being tested. The results of these changes areisi@ure 18a, which
illustrates the misfit between subduction rates generated fienmbdel along the
MAT compared to those estimated by kinematic models. Only anargw range of
base of lithosphere temperature and basal velocity yieldefastiry results for the
subduction rate along the MAT. These parameters also fell witl@nrange of
possible parameters combinations that produced good results for thbe@aronly

model.

The inclusion of a wider range of basal lithosphere temperaamdsthe
removal of the MAT as a boundary for the model resulted in paessnéhat
significantly differed from those used by Negredo et al. (2004}, the exception of
eastward mantle flow direction. Their best model results daone using a base of
lithosphere temperature of 1423 K, a basal velocity of 20 mm/yr, dadltafriction
coefficient of 0.03. The best results from the model tested heck aidmmse of
lithosphere temperature of 1380 K, a basal velocity of 100 mm/yra éalt friction
coefficient of 0.12. A 20 mm/yr mantle flow failed to generate everderate
subduction rates along the MAT. The most interesting observationegipiect to the
parameter differences between the two models is that while Wh&s only a 43 K

difference in base of lithosphere temperature (3%), there was an 80 mm/yndfer
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in basal velocity (80%), yet the misfit results for the Caedob plate were very
similar. This would suggest that the model is particularly iseasto the base of

lithosphere temperature.

One of the more problematic issues related to the finiteeglemodel is the
use of surface heat flow to determine the total lithospher&niss. Data in the
region is sparse and/or biased. An incorrect heat flow valueeaantd an incorrect
positioning of the brittle/ductile transitions in the crust and inntlaatle lithosphere.
This can make the plate either weaker or stronger and can neseither an
overestimation or underestimation of the surface velocity field. mtsdits in the
model subduction rates along Central and South America were likelyodilese
inaccuracies; this is particularly obvious with respect the sskee rates of
subduction along South America. This area is perpendicular to thedswrealge
between the Cocos and Nazca plates. As such, the heat flow vahgeseme high,
which resulted in the calculation of a very weak lithosphere whialites in surface
velocities very close to the basal velocity field imposed on the model. Matdbficof
these heat flow values can often times make this problem wArgeore recent
version of SHELLS has been developed, whereby in addition to elevationeand
flow, the age of seafloor, thickness of crust, and s-wave trawel dhomaly in the
upper mantle, above 400 km depth, are now incorporated into the progranet@r. P
Bird, personal communication). This program was not available whiis study was

carried out.

98



Jardetzkey (1948) clearly illustrated the relative motion probldath this
physical model. Separate plates can appear to be moving in opficettéons when
in fact they are moving in the same direction, just at differpeeds. Therefore,
relative plate velocities can easily obscure our conjecturds respect to the drive
mechanism behind plate tectonics. For example, one could say thatldheer
motion between North America and Eurasia is a function of Eurasianmfaster to
the east than North America, instead of the two plates moving in ig@pla®ctions
relative to each other as theorized today. This might explain pvimyarily only
passive margins exist on either side of the Mid-Atlantic Ridgemore complex
example can involve a scenario such as the one primarily used iattioly where
North and South America are fixed, and the Caribbean, Cocos, and Natssagre
permitted to move. Based on geologic and GPS measurements)ativermotion
between the North and South American plates and the Caribbeasymgests that
both the North and South American plates move to the west while the Caribbean plate
moves to the east. However, it is equally plausible to suggestlthiiree plates
move to the east, with the Caribbean plate moving faster to thé¢haasthe North
and South American plates at a velocity that still presaheeselative motion of the
system. The problem becomes increasingly more complex agltial scale.
However, continued modeling with the use of finite elements offera ssnpler

means of solving this complex problem.
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8. CONCLUSIONS

In addition to eastward mantle flow, the model was run to testftbetsaof
slab pull from subduction zones. The models were based on velocity contgiogs
placed only on nodes along the subduction zones relative to South Améreraas/
the basal velocity field was set to zero. The model was rum avitl without basal
traction. For the most part, neither of these models were ableve the Caribbean
plate at an adequate velocity and/or direction. In addition, the faulaship along the
boundary between the North America and Caribbean plates were cgigtiifi too
slow relative to geodetic measurements. The most successfulesé tmodels
included the subduction zone directly adjacent to the North Andes plhteas able
to move the Caribbean plate (unlike the model where this subduction zsnlefva
out). However, it became clear from the south-southeast surfamtyeésults in the
western portion of the model that if the Caribbean plate was doiéms subducting
slab, the western half of the Caribbean plate would move diréotiards the
subduction zone, whereas the eastern half moved nearly due eass. ddngrary to
the geodetic evidence that indicates that all of the Caribbeaa @amoving
predominantly east to slightly northeast. The results in the CaoodNazca plates
were particularly good for the subduction based models; providedotrasis not
applied to the base lithosphere. When basal traction was applieageswdlocities
rapidly decreased away from the subduction zones, and the strems tsErame
predominantly extensional throughout both plates. In general, the surdbesed
models provided reasonable results in some areas, and very poor resultssintathe

important to note that the eastward mantle flow models gave low overall nadfigs t
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complex surface motions in the modeled area, using a flow pdttat was much
more simple and uniform than the subduction zone based models which imposed

velocities of varying directions and magnitudes.

The finite element model that used the parameters of 1380 K basal
temperature, a due east basal velocity field at 100 mm/yr, arallf ffiction
coefficient value of 0.10, produced results very close to the observednsaind
neotectonics of the Caribbean and North Andes plates. Three fesoitthe model
were particularly interesting. The first is with respextthe large surface velocity
contrast between the Cocos and Caribbean plates. The entire modeluhddrm
basal velocity field applied of 100 mm/yr due east. However, thacainvelocity
results for the Cocos plate were on the order 70 to 80 mm/yr, aghére surface
velocity of the Caribbean plate averages only 20 mm/yr. In additien Middle
America Trench, which separates the two plates, yielded subduetiea and
directions that were reasonably close to the values estimatgtobgl kinematic
models. The second interesting result is with respect to the Radbs plate. The
surface velocity results for the North Andes suggest that égaiction with the South
American plate, in conjunction with the underlying mantle flow, deitee its
movement. The third, and most interesting result, is with respebe fault slip on
the Panama Fracture. While the slip rate of the fault felklfert of the estimated
geologic rates, the fault motion is north-south in a right-latstréke-slip manner,
which is consistent with geologic observations. The significafdkis result relates
to the fact that the fault moves in a direction that is dirgmtlypendicular to the basal

velocity field applied beneath it. The movements of the North Andate,pin
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conjunction with that of the Panama Fracture, support the concept siatpke
eastward directed basal velocity field in the mantle is ldapaf producing complex
surface plate motions. Therefore, it is reasonable to consateththplate geometries
and motions observed today are not solely representative of thevbhsaty field
below them. Rather, the plate motions are likely a combination ofthetimantle
flow beneath the plate, and the collision of the plates with each. dthe use of
finite elements to model these complex interactions is ideal.eMery due to the
relative small scale of the model presented here, futureeststiould involve both
larger regional finite element models, as well as global rspdeldetermine if an

eastward mantle flow is a global occurrence.
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Appendix A
ADDITIONAL DISCUSSION OF SHELLS METHODOLGY
A detailed description of the SHELLS methodology is provided by Kong
(1995), Kong and Bird (1995), and Kong and Bird (1996). The methodology evolved
from a flat-Earth modeling method for continua of realistic nonlindexology
described by Bird (1989), as well as methods for adding faultdetetay Bird and
Kong (1994). A more general description of the SHELLS methodologyoigided
by Bird (1998) and Burbidge (2004), and is incorporated together in tlogviiad

description for the purpose of this paper.

The method assumes that the lithosphere can be representedhinty a t
spherical shell, whereby it can account for the curvature of tmdh Ear large
regional models, as well as global models. The total thicknes$eofshell is
controlled by the depth to a given isotherm, whereas the base d¢itHosphere is
defined to be the point at which there is a transition from conductian smliabatic
geotherm. The method uses a two-dimensional finite elementrgadmanner that
only the horizontal components of the momentum equation are solved and only the
horizontal components of velocity are predicted; the inertia tarthe momentum
equation is ignored. The radial component of the momentum equation irépces
by the isostatic approximation and the vertical normal streasyapoint is assumed
to be equal to the weight of overburden per unit area. The strentjté lithosphere
is vertically integrated, and the velocity vectors are assumée iomdependent of

depth.
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While the program operates in two dimensions, there are ceuntatidns the
program performs whereby it can be considered a pseudo 3-dimensagrahprFor
example, the volume integrals of density and strength are pedanomerically on a
lithosphere model with laterally varying topography and heat flow, as weltexally
varying crust and mantle lithosphere layer thicknesses. Merintagrals are
performed using 1-km depth steps at all seven Gauss integration wahits each
element, figure A-1. The Gauss integration formula to thesetsdleertical integrals
gives a good approximation of three dimensional integrals, and thus gives a partial

3-dimensional solution.
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[ (not to scale)

Figure A-1. Cartoon of the geometry assumed in program SHEK8st (white) is bonded to the
mantle lithosphere (shaded) and their joint stiengtrepresented by 2D grid of spherical triangles
surface. Within each triangle, vertical integrafsstrength are performed at 7 G integration points
(black dots). Fault elements are used to reprgdats boundaries. Because subducting slabs deeper
than 100 km are not included in model, their ‘arids require boundary conditions (either velocity o
traction specified.) Whether lower mantle is assdimie be fast-moving or sluggish, velocity
differences between lower mantle and lithosphetseaimple shear in asthenosphere, which applies
horizontal shear tractions to base of model. (Fgtaken from Bird, 1999; Note: the required
boundary conditions for subducting slabs refergléd®al models only and not regional models such as
those tested here.)

The rheology at a given depth is assumed to be either anelaiskec(bohr-
Coulomb frictional plasticity) or ductile (dislocation creep). Tdnastal rheology is
based on California models of Bird and Kong (1994), whereas mantle rhaslogy
based on olivine deformation studies evaluated by Kirby (1983). [ebrseain rate
tensor, the software calculates the deviatoric stress tenswy esch of three flow
laws: cohesionless frictional faulting, dislocation (power laveepr and Newtonian

(linear creep). The flow law giving the lowest maximum shaasstis presumed to
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dominate at that point. Once the deviatoric stress is determinedtahstress tensor
is found by adding pressure to the deviatoric stress until thiealestress becomes

lithostatic.

SHELLS also provides for the use of faults within the model. Trukides
normal, thrust, and strike-slip faults, which are placed at thencmmh element
boundaries. Each fault can be assigned a dip angle as well asdaatition. In
addition, the program accounts for fault stresses within the continlamemts (or
intra-plate segments of the model that comprise the crust-lith@sptentle layers).
Fault stresses are considered frictional, and are calculated baghe assumption of
hydrostatic pore pressure. The fault elements also have/oliittile transitions, and
have dislocation creep below their transitions. Sometimes thetevarbrittle/ductile
transitions; one in the crust, and another in the mantle lithosphere veigureother
places there is only one. The coefficient of friction withind¢batinuum elements are
consistently set to a value of: 0.85 in all models based on studigsdognd Kong,
1994; Kong, 1995; Bird, 1996; Kong and Bird, 1996. The coefficient of fricohon f
boundary faults varies from model to model, but is constant for atsfaithin each
particular model as the software is currently unable to vasyviiue with respect to

individual faults or fault types.
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Appendix B

FURTHER DISCUSSION ON FINITE ELEMENT GRID CONSTRUCTION

There are several supporting applications to the SHELLS proghiat are
used to build the input model. ORBWEAVE is the primary utility tatlis, and is a
graphical user interface application (GUI). The first steghégdrocess is to import a
digitized base map file. This map is used to define the bousdtrat the finite
elements will conform to, such as faults and coastlines. Any arape digitized and
imported into the application, but must comply with a specific foseatribed by a
supporting text file. A very useful global coastline map is provid&drldmap.dig)
which consists of a reformatted version of coastline data by AOA

(http://rimmer.ngdc.noaa.gov/coast/getcoast.htndnce the map of interest is

displayed, the finite elements can be added. Each element soofsisiree nodes
which can be interactively repositioned along the desired featurie ahodel. An
automated feature of the program can “tile” a region with aisnef constant size

that range from 72 degrees in width to 1 degree. Elements can also be manudlly adde
or subtracted, and made smaller or larger depending on the needsnaiditle Once

the elements are in their desired position, faults with angle of dip and dipatiraos
added. After the faults are added, the software checks for cemgds of the model

by making sure that all nodes are assigned to an element andotheements
overlap. At this stage, the model is primarily spatial, comgjstf nodes with latitude

and longitude, elements and faults.
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To build the physical aspects of the model, a second supporting #pplica
called ORBDATA, is used. This application computes the structuiteedithosphere
(thickness of the crust and upper mantle lithosphere) based on skteeptions and
thee file inputs. The four assumptions (based on the guide provided IBir®.

(http://element.ess.ucla.edu/guidare: that the base of the lithosphere is an

isothermal surface; heat conduction though the lithosphere is in sttaidy all
lithosphere is isostatic with respect to the mid-ocean ridges the crust and mantle
lithosphere are approximated as laterally homogeneous. A paraiteet@nitaining
various values of temperature, temperature gradient, conductivity, cdiyaand
densities (see appendix C) is used in conjunction with two otlkerddntaining grids

of topography/bathymetry and heat-flow (figures B1 and B2 respectively).
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Figure B-1. lllustration of topographic and bathymetry data niroETOPO2v2 (National
Geophysical Data Center, June 2006) that was usddpat for model. The data was used at the
maximum of 2 minute resolution.
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Figure B-2. lllustration of heat flow data that were used gsuininto all 3 models based on the 5
degree heat flow data in S| units of (Wjnof Pollack et al. (1993). The data along the e&lgvere
truncated at 0.3 W/fto prevent artifacts.

Through a personal communication with Dr. Peter Bird, the processich
ORBDATA computes the crust and lithosphere is as follows. The temperaithies w
the asthenosphere, which for practical purposes can be considerecasréhapper
mantle below the base of the lithosphere, lie along an adiabatinfplicgy, the
adiabatic gradient is approximated as constant, and is typigabified as 6.14E-4
K/m for most models. An intercept value, which represents an reatthsurface that
forms the base of the lithosphere is also given, and is a pardimeefuently modified
during model testing. The intercept value along with the ad@beddient, determine
the total lithosphere thickness. Temperature values along thésrliadiabatic
geotherm are used to compute the strength of coupling betweéthdsphere and
asthenosphere, relative to the assigned velocity of mantle flalweabase of the

model, or basal boundary condition. Dr. Bird (personal communication) ssdhatt
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intercept values much below 1412 K result in models such thastteagth of
coupling between the lithosphere and bottom boundary condition become so strong
that that all plates essentially move together as driven by béldditionally, values

much above 1412 K reduce the coupling to such an extent that the bottomrigounda

condition has little effect in driving the plates.

The upper mantle thickness is found by assuming the base ofhibepliere
to be an isothermal surface that marks the transition in the rhetieéen rigid and
viscous behavior. The isotherm is arbitrarily determined at a d#pil®0 km in a
laterally homogeneous model based on the adiabatic gradient and intexlveyst
described above. The depth of this isotherm becomes laterally gatgpending on
the surface heat-flow and crustal thickness as well as theasbbetween crust and
mantle thermal conductivities. The program iteratively adjustéscrust and upper
mantle thicknesses relative to the isotherm in order to ensurehthamodel is

isostatic.
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Appendix C

EXAMPLE PARAMETER FILE

USED BY VARIOUS APPLICATIONS ASSOCIATED WITH SHELLS

1380K; 100MM MANTLE VELOCITY; FAULT 0.1; TAUMAX 2.0

FAULT FRICTION COEFFICIENT  <**
CONTINUUM FRICTION COEFFICIENT

BIOT COEFFICIENT (EFFICACY OF PORE PRESS
BYERLY (0.-.99); FRACTIONAL STRENGTH RED

2.3E9,9.5E4 ACREEP (SHEAR STRESS COEFFICIENT OF CR

4000.

,18314. BCREEP (ACTIVATION ENERGY/N/GAS-CONSTA

0.,0.0171 CCREEP (DERIVITIVE OF BCREEP WITH RESP

5.E8

,5.E8 DCREEP (MAXIMUM SHEAR STRESS; CRUST/MA

0.333333 ECREEP (EXPONENT ON STRAIN-RATE IN CREEP

1380.

6.1E-4 INTERCEPT AND SLOPE OF UPPER MANT

400.E3 ZBASTH: DEPTH OF BASE OF ASTHENOSPHERE

SA

PLTREF: PLATE WHICH DEFINES VELOCITY REF
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TEST PARAMETER RESULTS

Appendix D

SORTED FROM LOWEST VELOCITY MISFIT TO HIGHEST VELOCITY MISFIT
WITH BOUNDARY CONDITIONS SET TO ZERO ALONG NA, SA, AND FREE AT NZ
(“DNC” refers to models that did not converge)

CAYMAN MAT
VEL TROUGH MAT SUBDUCTION

RUN | TEMP | TEMP VEL FRIC | MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE

No. K < MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
8| 1323 | 1050 40 | 0.12 8.4 2.0 29.5 14.2 48.5
37| 1373 | 1100 60 | 0.08 8.5 4.9 29.2 28.8 47.8
15| 1323 | 1050 60 | 0.02 8.5 3.4 27.9 314 51.7
42 | 1373 | 1100 80 | 0.08 8.9 15 29.9 37.1 49.1
14 | 1323 | 1050 60 | 0.16 8.9 1.6 28.6 25.6 51.1
43 | 1373 | 1100 80| 0.12 9.3 6.8 29.2 44.3 49.5
48 | 1373 | 1100 100 | 0.12 9.3 2.7 28.9 55.6 50.6
9] 1323 | 1050 40 | 0.16 9.7 6.2 28.0 18.7 49.6
49 | 1373 | 1100 100 | 0.16 | 10.3 8.7 28.1 61.8 50.7
38 | 1373 | 1100 60| 012 ] 111 10.1 28.4 32.6 48.1
44 | 1373 | 1100 80| 016 | 111 10.9 28.1 48.4 49.5
10 | 1323 | 1050 40| 0.02 ] 11.2 9.2 274 22.1 50.1
50 | 1373 | 1100 100 | 0.02 | 115 11.7 27.4 65.3 50.7
20 | 1323 | 1050 80| 0.02| 116 3.6 28.7 39.4 52.7
45| 1373 | 1100 80| 0.02] 123 12.8 26.8 50.6 49.6
13 | 1323 | 1050 60| 012 | 125 8.1 29.1 18.8 49.9
39 | 1373 | 1100 60| 0.16 | 12.7 12.6 27.3 34.6 48.0
73 | 1423 | 1150 100 | 0.12 | 13.2 13.5 26.7 43.5 44.7
3] 1323 | 1050 20| 0.12] 133 10.3 28.0 8.2 45.8
40 | 1373 | 1100 60 | 0.02]| 13.6 13.7 26.5 35.8 48.0
33| 1373 | 1100 40| 0.12 | 13.9 12.6 27.6 20.2 45.7
74 | 1423 | 1150 100 | 0.16 | 14.0 141 255 42.1 44.0
68 | 1423 | 1150 80| 012 | 143 13.9 26.3 30.1 43.1
75| 1423 | 1150 100 | 0.02 | 144 14.2 25.3 40.8 43.4
4] 1323 | 1050 20| 0.16 | 145 12.1 27.4 10.0 46.5
121 | 1523 | 1250 100 | 0.04 | 145 14.2 31.3 30.8 32.4
125 | 1523 | 1250 100 | 0.02 | 145 14.2 313 30.8 324
34| 1373 | 1100 40| 0.16 | 14.8 13.7 26.5 20.8 45.6
69 | 1423 | 1150 80| 0.16 ] 149 14.2 254 28.7 42.4
35| 1373 | 1100 40| 0.02 | 15.2 14.1 25.7 21.2 45.6
70 | 1423 | 1150 80| 0.02] 15.2 14.3 25.6 27.6 41.8
5] 1323 | 1050 20| 0.02 ] 15.2 13.3 26.5 11.2 47.1
116 | 1523 | 1250 80| 0.04| 153 14.2 31.0 22.0 30.7
120 | 1523 | 1250 80| 0.02] 153 14.2 31.0 22.0 30.7
47 | 1373 | 1100 100 | 0.08 | 154 9.0 30.0 44.7 50.1
63 | 1423 | 1150 60| 0.12 ] 155 141 25.8 17.7 40.9
97 | 1473 | 1200 100 | 0.08 | 15.8 14.2 27.3 155 36.9
64 | 1423 | 1150 60| 0.16| 159 14.2 25.9 16.3 40.3
65 | 1423 | 1150 60| 0.02] 16.1 14.3 26.2 155 39.7
111 | 1523 | 1250 60| 0.04| 16.2 14.3 30.5 14.1 28.6
115 | 1523 | 1250 60| 0.02] 16.2 14.3 31.0 10.8 35.7
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CAYMAN MAT
VEL TROUGH MAT SUBDUCTION

RUN | TEMP | TEMP VEL FRIC | MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE

No. K < MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
92 | 1473 | 1200 80| 0.08| 16.4 14.2 27.2 8.9 35.2
28 | 1373 | 1100 20| 0.12| 164 14.0 26.0 7.7 41.1
19 | 1323 | 1050 80| 0.16| 165 10.8 28.5 31.4 52.0
58 | 1423 | 1150 40| 012 ] 16.6 14.2 26.1 7.3 37.9
98 | 1473 | 1200 100 | 0.12 | 16.7 14.3 26.9 7.1 37.0
29 | 1373 | 1100 20| 0.16 | 16.7 14.2 25.8 7.5 40.9
59 | 1423 | 1150 40| 0.16 ] 16.9 14.3 26.3 6.1 37.4
87 | 1473 | 1200 60| 0.08 | 16.9 14.3 26.8 4.3 33.3
106 | 1523 | 1250 40| 0.04] 16.9 14.3 30.0 7.5 25.8
110 | 1523 | 1250 40| 0.02 | 16.9 14.3 30.0 7.5 25.8
99 | 1473 | 1200 100 | 0.16 | 17.0 14.3 26.5 4.9 36.5
60 | 1423 | 1150 40| 0.02| 17.0 14.3 26.2 5.7 36.9
93 | 1473 | 1200 80| 0.12] 17.0 14.3 26.6 3.5 36.0
100 | 1473 | 1200 100 | 0.02| 171 14.3 26.4 4.1 35.9
94 | 1473 | 1200 80| 016 | 17.2 14.3 26.5 2.1 35.5
95| 1473 | 1200 80| 0.02] 173 14.3 26.2 1.6 34.8
88 | 1473 | 1200 60| 012 | 173 14.3 26.5 14 34.4
122 | 1523 | 1250 100 | 0.08| 174 14.3 274 1.0 49.1
82 | 1473 | 1200 40| 0.08| 174 14.3 26.9 13 31.0
89 | 1473 | 1200 60| 016 | 175 14.3 26.4 0.7 33.8
117 | 1523 | 1250 80| 0.08]| 17.5 14.3 274 0.5 48.5
53 | 1423 | 1150 20| 012 175 14.3 26.1 11 33.4
123 | 1523 | 1250 100 | 0.12| 176 14.3 27.8 0.2 33.1
101 | 1523 | 1250 20| 0.04| 176 14.3 30.4 2.7 21.2
105 | 1523 | 1250 20| 0.02| 176 14.3 30.4 2.7 21.2
54 | 1423 | 1150 20| 016 | 176 14.3 26.0 0.6 33.0
83 | 1473 | 1200 40| 0.2 | 17.6 14.3 27.1 0.4 32.2
124 | 1523 | 1250 100 | 0.16| 17.6 14.3 27.8 0.1 34.2
55| 1423 | 1150 20| 0.02| 176 14.3 26.1 0.5 32.5
112 | 1523 | 1250 60| 0.08| 17.6 14.3 27.2 0.2 30.4
118 | 1523 | 1250 80| 0.12] 176 14.3 27.8 0.1 34.2
119 | 1523 | 1250 80| 0.16| 176 14.3 27.8 0.0 35.4
84 | 1473 | 1200 40| 016 | 17.6 14.3 27.1 0.2 32.6
85| 1473 | 1200 40| 0.02 | 17.7 14.3 27.0 0.1 32.6
77 | 1473 | 1200 20| 0.08| 17.7 14.3 27.0 0.2 29.8
113 | 1523 | 1250 60| 012 177 14.3 27.6 0.0 35.8
107 | 1523 | 1250 40| 0.08 | 17.7 14.3 26.6 0.1 31.8
114 | 1523 | 1250 60| 0.16| 17.7 14.3 27.6 0.0 34.9
78 | 1473 | 1200 20| 012 178 14.3 27.1 0.0 34.5
79 | 1473 | 1200 20| 0.16 | 178 14.3 27.0 0.0 33.5
80 | 1473 | 1200 20| 0.02| 178 14.3 27.0 0.0 32.9
108 | 1523 | 1250 40| 012 ] 17.8 14.3 26.4 0.0 32.6
109 | 1523 | 1250 40| 0.16 | 17.8 14.3 26.1 0.0 31.3
102 | 1523 | 1250 20| 0.08| 17.8 14.3 26.4 0.0 27.6
103 | 1523 | 1250 20| 0.12] 179 14.3 25.9 0.0 255
104 | 1523 | 1250 20| 016 17.9 14.3 25.6 0.0 24.7
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CAYMAN MAT

VEL TROUGH MAT SUBDUCTION

RUN | TEMP | TEMP VEL FRIC | MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE

No. K < MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT

12 | 1323 | 1050 60| 0.08| 17.9 14.5 30.7 12.3 49.5

18 | 1323 | 1050 80| 0.12 ] 22.2 19.3 28.7 22.4 51.0

24 | 1323 | 1050 100 | 0.16 | 26.7 21.1 27.9 36.4 52.8

23 | 1323 | 1050 100 | 0.12 | 34.7 31.2 28.5 25.5 51.9

22 | 1323 | 1050 100 | 0.08 | 41.9 39.6 30.9 16.3 52.0
1] 1323 | 1050 20| 0.04 | DNC
2] 1323 | 1050 20| 0.08 | DNC
6| 1323 | 1050 40 | 0.04 | DNC
7] 1323 | 1050 40 | 0.08 | DNC
11 | 1323 | 1050 60 | 0.04 | DNC
16 | 1323 | 1050 80| 0.04 | DNC
17| 1323 | 1050 80 | 0.08 | DNC
21| 1323 | 1050 100 | 0.04 | DNC
25| 1323 | 1050 100 | 0.02 | DNC
26 | 1373 | 1100 20| 0.04 | DNC
27 | 1373 | 1100 20| 0.08 | DNC
30 | 1373 | 1100 20| 0.02 | DNC
31 ] 1373 | 1100 40 | 0.04 | DNC
32| 1373 | 1100 40 | 0.08 | DNC
36 | 1373 | 1100 60 | 0.04 | DNC
41 | 1373 | 1100 80| 0.04 | DNC
46 | 1373 | 1100 100 | 0.04 | DNC
51| 1423 | 1150 20| 0.04 | DNC
52 | 1423 | 1150 20| 0.08 | DNC
56 | 1423 | 1150 40 | 0.04 | DNC
57 | 1423 | 1150 40 | 0.08 | DNC
61| 1423 | 1150 60 | 0.04 | DNC
62 | 1423 | 1150 60 | 0.08 | DNC
66 | 1423 | 1150 80| 0.04 | DNC
67 | 1423 | 1150 80| 0.08 | DNC
71| 1423 | 1150 100 | 0.04 | DNC
72| 1423 | 1150 100 | 0.08 | DNC
76 | 1473 | 1200 20| 0.04 | DNC
81 | 1473 | 1200 40 | 0.04 | DNC
86 | 1473 | 1200 60 | 0.04 | DNC
90 | 1473 | 1200 60 | 0.02 | DNC
91 | 1473 | 1200 80| 0.04 | DNC
96 | 1473 | 1200 100 | 0.04 | DNC
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Appendix E

UNSORTED TEST PARAMETER RESULTS FOR MODEL
WITH BOUNDARY CONDITIONS SET TO ZERO ALONG NA, SA A ND FREE AT NZ
(“DNC” refers to models that did not converge)

CAYMAN MAT
VEL TROUGH MAT SUBDUCTION
RUN | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE
No. K TEMP T | MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
1] 1323 1050 20| 0.04 DNC
2| 1323 1050 20| 0.08 DNC
3| 1323 1050 20| 0.12 13.3 10.3 28.0 8.2 45.8
4 | 1323 1050 20| 0.16 145 12.1 27.4 10.0 46.5
5| 1323 1050 20| 0.02 15.2 13.3 26.5 11.2 47.1
6 | 1323 1050 40 | 0.04 DNC
7| 1323 1050 40 | 0.08 DNC
8 | 1323 1050 40| 0.12 8.4 2.0 29.5 14.2 48.5
9] 1323 1050 40 | 0.16 9.7 6.2 28.0 18.7 49.6
10 | 1323 1050 40 | 0.02 11.2 9.2 27.4 22.1 50.1
11 | 1323 1050 60 | 0.04 DNC
12 | 1323 1050 60 | 0.08 17.9 14.5 30.7 12.3 49.5
13 | 1323 1050 60 | 0.12 12.5 8.1 29.1 18.8 49.9
14 | 1323 1050 60 | 0.16 8.9 1.6 28.6 25.6 51.1
15 | 1323 1050 60 | 0.02 8.5 3.4 27.9 314 51.7
16 | 1323 1050 80 | 0.04 DNC
17 | 1323 1050 80| 0.08 DNC
18 | 1323 1050 80| 0.12 22.2 19.3 28.7 224 51.0
19 | 1323 1050 80| 0.16 16.5 10.8 28.5 31.4 52.0
20 | 1323 1050 80| 0.02 11.6 3.6 28.7 394 52.7
21 | 1323 1050 100 | 0.04 DNC
22 | 1323 1050 100 | 0.08 41.9 39.6 30.9 16.3 52.0
23 | 1323 1050 100 | 0.12 34.7 31.2 28.5 25.5 51.9
24 | 1323 1050 100 | 0.16 26.7 211 27.9 36.4 52.8
25 | 1323 1050 100 | 0.02 DNC
26 | 1373 1100 20| 0.04 DNC
27 | 1373 1100 20| 0.08 DNC
28 | 1373 1100 20| 0.12 16.4 14.0 26.0 7.7 41.1
29 | 1373 1100 20| 0.16 16.7 14.2 25.8 7.5 40.9
30 | 1373 1100 20| 0.02 DNC
31| 1373 1100 40 | 0.04 DNC
32 | 1373 1100 40 | 0.08 DNC
33 | 1373 1100 40| 0.12 13.9 12.6 27.6 20.2 45.7
34 | 1373 1100 40| 0.16 14.8 13.7 26.5 20.8 45.6
35| 1373 1100 40 | 0.02 15.2 141 25.7 21.2 45.6
36 | 1373 1100 60 | 0.04 DNC
37 | 1373 1100 60 | 0.08 8.5 4.9 29.2 28.8 47.8
38 | 1373 1100 60 | 0.12 111 10.1 28.4 32.6 48.1
39 | 1373 1100 60 | 0.16 12.7 12.6 27.3 34.6 48.0
40 | 1373 1100 60 | 0.02 13.6 13.7 26.5 35.8 48.0
41 | 1373 1100 80| 0.04 DNC
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VEL

CAYMAN
TROUGH

MAT

MAT
SUBDUCTION

RUN | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE
No. K TEMP T | MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT

42 | 1373 1100 80| 0.08 8.9 15 29.9 37.1 49.1
43 | 1373 1100 80| 0.12 9.3 6.8 29.2 44.3 49.5
44 | 1373 1100 80| 0.16 111 10.9 28.1 48.4 49.5
45 | 1373 1100 80| 0.02 12.3 12.8 26.8 50.6 49.6
46 | 1373 1100 | 100 | 0.04 DNC

47 | 1373 1100 | 100 | 0.08 154 9.0 30.0 44.7 50.1
48 | 1373 1100 | 100 | 0.12 9.3 2.7 28.9 55.6 50.6
49 | 1373 1100 | 100 | 0.16 10.3 8.7 28.1 61.8 50.7
50 | 1373 1100 | 100 | 0.02 115 11.7 27.4 65.3 50.7
51 | 1423 1150 20| 0.04 DNC

52 | 1423 1150 20| 0.08 DNC

53 | 1423 1150 20| 0.12 175 14.3 26.1 1.1 334
54 | 1423 1150 20| 0.16 17.6 14.3 26.0 0.6 33.0
55 | 1423 1150 20| 0.02 17.6 14.3 26.1 0.5 32.5
56 | 1423 1150 40 | 0.04 DNC

57 | 1423 1150 40| 0.08 DNC

58 | 1423 1150 40 | 0.12 16.6 14.2 26.1 7.3 37.9
59 | 1423 1150 40| 0.16 16.9 14.3 26.3 6.1 37.4
60 | 1423 1150 40 | 0.02 17.0 14.3 26.2 5.7 36.9
61 | 1423 1150 60 | 0.04 DNC

62 | 1423 1150 60 | 0.08 DNC

63 | 1423 1150 60 | 0.12 155 14.1 25.8 17.7 40.9
64 | 1423 1150 60 | 0.16 15.9 14.2 25.9 16.3 40.3
65 | 1423 1150 60 | 0.02 16.1 14.3 26.2 155 39.7
66 | 1423 1150 80 | 0.04 DNC

67 | 1423 1150 80| 0.08 DNC

68 | 1423 1150 80| 0.12 14.3 13.9 26.3 30.1 43.1
69 | 1423 1150 80| 0.16 14.9 14.2 254 28.7 42.4
70 | 1423 1150 80 | 0.02 15.2 14.3 25.6 27.6 41.8
71 | 1423 1150 | 100 | 0.04 DNC

72 | 1423 1150 | 100 | 0.08 DNC

73 | 1423 1150 | 100 | 0.12 13.2 13.5 26.7 43.5 44.7
74 | 1423 1150 | 100 | 0.16 14.0 14.1 25.5 42.1 44.0
75 | 1423 1150 | 100 | 0.02 144 14.2 25.3 40.8 43.4
76 | 1473 1200 20| 0.04 DNC

77 | 1473 1200 20 | 0.08 17.7 14.3 27.0 0.2 29.8
78 | 1473 1200 20| 0.12 17.8 14.3 27.1 0.0 34.5
79 | 1473 1200 20| 0.16 17.8 14.3 27.0 0.0 33.5
80 | 1473 1200 20| 0.02 17.8 14.3 27.0 0.0 32.9
81 | 1473 1200 40 | 0.04 DNC

82 | 1473 1200 40 | 0.08 174 14.3 26.9 13 31.0
83 | 1473 1200 40| 0.12 17.6 14.3 27.1 0.4 32.2
84 | 1473 1200 40 | 0.16 17.6 14.3 27.1 0.2 32.6
85 | 1473 1200 40 | 0.02 17.7 14.3 27.0 0.1 32.6
86 | 1473 1200 60 | 0.04 DNC
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VEL

CAYMAN
TROUGH

MAT

MAT
SUBDUCTION

RUN | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE
No. K TEMP T | MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
87 | 1473 1200 60 | 0.08 16.9 14.3 26.8 4.3 33.3
88 | 1473 1200 60 | 0.12 17.3 14.3 26.5 14 34.4
89 | 1473 1200 60 | 0.16 175 14.3 26.4 0.7 33.8
90 | 1473 1200 60 | 0.02 DNC
91 | 1473 1200 80 | 0.04 DNC
92 | 1473 1200 80| 0.08 16.4 14.2 27.2 8.9 35.2
93 | 1473 1200 80| 0.12 17.0 14.3 26.6 3.5 36.0
94 | 1473 1200 80| 0.16 17.2 14.3 26.5 2.1 35.5
95 | 1473 1200 80 | 0.02 17.3 14.3 26.2 1.6 34.8
96 | 1473 1200 | 100 | 0.04 DNC
97 | 1473 1200 | 100 | 0.08 15.8 14.2 27.3 155 36.9
98 | 1473 1200 | 100 | 0.12 16.7 14.3 26.9 7.1 37.0
99 | 1473 1200 | 100 | 0.16 17.0 14.3 26.5 4.9 36.5
100 | 1473 1200 | 100 | 0.02 17.1 14.3 26.4 4.1 35.9
101 | 1523 1250 20| 0.04 17.6 14.3 30.4 2.7 21.2
102 | 1523 1250 20| 0.08 17.8 14.3 26.4 0.0 27.6
103 | 1523 1250 20| 0.12 17.9 14.3 25.9 0.0 25.5
104 | 1523 1250 20| 0.16 17.9 14.3 25.6 0.0 24.7
105 | 1523 1250 20 | 0.02 17.6 14.3 30.4 2.7 21.2
106 | 1523 1250 40 | 0.04 16.9 14.3 30.0 7.5 25.8
107 | 1523 1250 40 | 0.08 17.7 14.3 26.6 0.1 31.8
108 | 1523 1250 40| 0.12 17.8 14.3 26.4 0.0 32.6
109 | 1523 1250 40 | 0.16 17.8 14.3 26.1 0.0 313
110 | 1523 1250 40| 0.02 16.9 14.3 30.0 7.5 25.8
111 | 1523 1250 60 | 0.04 16.2 14.3 30.5 141 28.6
112 | 1523 1250 60 | 0.08 17.6 14.3 27.2 0.2 30.4
113 | 1523 1250 60 | 0.12 17.7 14.3 27.6 0.0 35.8
114 | 1523 1250 60 | 0.16 17.7 14.3 27.6 0.0 34.9
115 | 1523 1250 60 | 0.02 16.2 14.3 31.0 10.8 35.7
116 | 1523 1250 80| 0.04 15.3 14.2 31.0 22.0 30.7
117 | 1523 1250 80 | 0.08 175 14.3 27.4 0.5 48.5
118 | 1523 1250 80| 0.12 17.6 14.3 27.8 0.1 34.2
119 | 1523 1250 80| 0.16 17.6 14.3 27.8 0.0 35.4
120 | 1523 1250 80| 0.02 15.3 14.2 31.0 22.0 30.7
121 | 1523 1250 | 100 | 0.04 14.5 14.2 31.3 30.8 32.4
122 | 1523 1250 | 100 | 0.08 174 14.3 27.4 1.0 49.1
123 | 1523 1250 | 100 | 0.12 17.6 14.3 27.8 0.2 33.1
124 | 1523 1250 | 100 | 0.16 17.6 14.3 27.8 0.1 34.2
125 | 1523 1250 | 100 | 0.02 145 14.2 313 30.8 32.4
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TEST PARAMETER RESULTS

Appendix F

SORTED FROM LOWEST VELOCITY MISFIT TO HIGHEST VELOCITY MISFIT
WITH NA AND NZ BOUNDARY CONDITIONS SET RELATIVE TO SA
(“DNC” refers to models that did not converge)

CAYMAN MAT
VEL TROUGH MAT SUBDUCTION

RUN TEMP | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE

No. K < MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
139 1323 | 1050 60 0.16 8.7 0.1 37.5 30.9 43.4
132 1323 | 1050 40 0.08 8.7 2.9 40.1 14.0 32.7
167 1373 | 1100 80 0.08 8.9 0.9 35.8 40.0 43.3
162 1373 | 1100 60 0.08 9.0 5.6 36.0 33.0 40.9
140 1323 | 1050 60 0.20 9.2 5.6 30.4 36.8 45.0
173 1373 | 1100 | 100 0.12 9.2 4.3 313 58.1 46.0
168 1373 | 1100 80 0.12 | 10.0 8.1 29.0 47.8 44.6
145 1323 | 1050 80 0.20 | 10.2 12 32.9 44.7 47.0
134 1323 | 1050 40 0.16 | 105 8.0 315 24.4 40.0
174 1373 | 1100 | 100 0.16 | 111 10.6 28.7 64.7 46.5
127 1323 | 1050 20 0.08 | 119 8.7 39.2 114 24.1
163 1373 | 1100 60 0.12 | 12.0 114 29.6 37.2 41.9
135 1323 | 1050 40 0.20 | 123 11.3 30.5 27.6 41.3
138 1323 | 1050 60 0.12 | 123 7.6 36.7 234 40.9
157 1373 | 1100 40 0.08 | 12.3 10.8 31.8 23.9 36.8
169 1373 | 1100 80 0.16 | 12.3 12.4 27.7 52.1 45.0
175 1373 | 1100 | 100 0.20 | 125 13.2 27.7 67.7 46.8
170 1373 | 1100 80 0.20 | 133 13.9 27.1 53.7 45.2
198 1423 | 1150 | 100 0.12 | 13.6 14.0 275 45.3 40.4
164 1373 | 1100 60 0.16 | 13.7 13.7 28.2 39.3 42.2
246 1523 | 1250 | 100 0.04 | 13.7 14.2 33.0 37.1 28.4
250 1523 | 1250 | 100 0.20 | 13.7 14.3 33.0 37.1 28.4
128 1323 | 1050 20 0.12 | 139 11.8 31.6 13.9 29.1
172 1373 | 1100 | 100 0.08 | 14.0 8.2 35.1 46.9 44.5
199 1423 | 1150 | 100 0.16 | 141 14.2 28.3 44.7 40.0
165 1373 | 1100 60 0.20 | 14.2 14.2 28.5 39.9 42.3
241 1523 | 1250 80 0.04 | 14.2 14.3 33.5 30.8 26.6
245 1523 | 1250 80 0.20 | 14.2 14.3 33.5 30.8 26.6
193 1423 | 1150 80 0.12 | 143 141 26.5 35.2 38.0
200 1423 | 1150 | 100 0.20 | 143 14.3 29.0 44.6 39.6
158 1373 | 1100 40 0.12 | 144 13.6 29.0 24.9 37.5
194 1423 | 1150 80 0.16 | 14.7 14.2 27.4 34.7 37.5
195 1423 | 1150 80 0.20 | 149 14.3 27.9 34.8 37.1
236 1523 | 1250 60 0.04 | 149 14.3 36.0 24.1 243
240 1523 | 1250 60 0.20 | 14.9 14.3 36.0 24.1 24.3
144 1323 | 1050 80 0.16 | 15.0 9.5 35.3 36.4 45.5
159 1373 | 1100 40 0.16 | 15.0 14.2 30.4 25.3 37.7
222 1473 | 1200 | 100 0.08 | 15.0 14.2 29.5 21.5 31.8
129 1323 | 1050 20 0.16 | 15.2 13.6 29.7 155 31.1
160 1373 | 1100 40 0.20 | 15.2 14.2 31.0 25.4 37.6
188 1423 | 1150 60 0.12 | 152 14.2 31.1 24.0 35.0
189 1423 | 1150 60 0.16 | 155 14.3 32.0 23.1 34.5
152 1373 | 1100 20 0.08 | 15.6 14.0 30.3 134 27.3
190 1423 | 1150 60 0.20 | 15.6 14.3 32.4 23.5 34.0
231 1523 | 1250 40 0.04 | 15.6 14.3 38.8 17.6 20.8
235 1523 | 1250 40 0.20 | 15.6 14.3 38.8 17.6 20.8
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VEL

CAYMAN
TROUGH

MAT

MAT
SUBDUCTION

RUN TEMP | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE
No. K < MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
130 1323 | 1050 20 0.20 | 15.6 14.1 30.0 16.0 238.3
217 1473 | 1200 80 0.08 | 15.7 14.3 30.0 14.5 29.8
153 1373 | 1100 20 0.12 | 16.0 14.2 32.5 125 27.8
223 1473 | 1200 | 100 0.12 | 16.0 14.3 31.1 125 315
183 1423 | 1150 40 0.12 | 161 14.2 32.6 134 30.5
154 1373 | 1100 20 0.16 | 16.2 14.2 33.0 12.3 27.8
155 1373 | 1100 20 0.20 | 16.3 14.2 33.0 12.3 27.5
184 1423 | 1150 40 0.16 | 16.3 14.3 33.4 124 30.0
212 1473 | 1200 60 0.08 | 16.3 14.3 33.0 8.5 27.1
224 1473 | 1200 | 100 0.16 | 16.3 14.3 315 11.3 31.0
185 1423 | 1150 40 0.20 | 164 14.3 33.8 124 29.4
225 1473 | 1200 | 100 0.20 | 164 14.3 31.4 11.3 30.1
226 1523 | 1250 20 0.04 | 164 14.3 42.8 11.0 14.4
230 1523 | 1250 20 0.20 | 164 14.3 42.8 11.0 14.4
150 1323 | 1050 | 100 0.20 | 165 9.1 34.2 52.4 48.5
218 1473 | 1200 80 0.12 | 165 14.3 30.6 7.6 29.9
219 1473 | 1200 80 0.16 | 16.7 14.3 30.3 6.3 29.4
178 1423 | 1150 20 0.12 | 16.8 14.3 35.5 6.1 22.0
207 1473 | 1200 40 0.08 | 16.8 14.3 34.7 4.2 23.3
213 1473 | 1200 60 0.12 | 16.8 14.3 34.4 4.2 27.8
220 1473 | 1200 80 0.20 | 16.8 14.3 31.6 6.6 28.4
247 1523 | 1250 | 100 0.08 | 16.8 14.3 32.7 2.5 23.9
179 1423 | 1150 20 0.16 | 170 14.3 37.1 5.6 211
180 1423 | 1150 20 0.20 | 17.0 14.3 37.9 54 19.8
202 1473 | 1200 20 0.08 | 17.0 14.3 37.0 2.8 17.3
208 1473 | 1200 40 0.12 | 170 14.3 36.6 2.1 24.1
209 1473 | 1200 40 0.16 | 170 14.3 38.5 1.8 23.0
214 1473 | 1200 60 0.16 | 170 14.3 35.5 3.4 27.2
215 1473 | 1200 60 0.20 | 17.0 14.3 36.6 3.2 25.8
237 1523 | 1250 60 0.08 | 17.0 14.3 35.7 1.0 20.8
242 1523 | 1250 80 0.08 | 17.0 14.3 32.2 1.7 22.5
248 1523 | 1250 | 100 0.12 | 170 14.3 33.5 0.9 25.7
210 1473 | 1200 40 020 ] 171 14.3 40.0 1.8 211
232 1523 | 1250 40 0.08 | 171 14.3 40.8 0.5 184
243 1523 | 1250 80 012 | 171 14.3 36.5 0.6 24.3
203 1473 | 1200 20 012 | 17.2 14.3 44.0 1.8 16.6
204 1473 | 1200 20 0.16 | 17.2 14.3 46.0 1.7 145
205 1473 | 1200 20 0.20 | 17.2 14.3 46.5 1.8 12.6
227 1523 | 1250 20 0.08 | 17.2 14.3 46.7 0.3 13.6
233 1523 | 1250 40 012 | 17.2 14.3 45.7 0.1 19.3
238 1523 | 1250 60 012 | 17.2 14.3 43.8 0.3 22.3
239 1523 | 1250 60 0.16 | 17.2 14.3 44.0 0.3 20.4
244 1523 | 1250 80 0.16 | 17.2 14.3 40.5 0.5 22.9
249 1523 | 1250 | 100 0.16 | 17.2 14.3 37.0 0.7 24.7
228 1523 | 1250 20 012 | 173 14.3 49.2 0.2 11.6
229 1523 | 1250 20 0.16 | 173 14.3 50.4 0.2 8.9
234 1523 | 1250 40 0.16 | 173 14.3 47.0 0.1 17.1
137 1323 | 1050 60 0.08 | 17.7 15.6 38.5 16.1 37.4
143 1323 | 1050 80 0.12 | 22.0 19.2 32.8 26.9 43.4
149 1323 | 1050 | 100 0.16 | 24.0 19.6 34.2 42.0 47.2
142 1323 | 1050 80 0.08 | 29.0 28.4 34.7 18.1 40.8
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VEL

CAYMAN
TROUGH

MAT

MAT
SUBDUCTION

RUN TEMP | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE
No. K < MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
148 1323 | 1050 | 100 0.12 | 331 31.2 33.3 30.4 45.4
147 1323 | 1050 | 100 0.08 | 416 41.4 36.3 19.9 43.2
126 1323 | 1050 20 0.04 | DNC
131 1323 | 1050 40 0.04 | DNC
133 1323 | 1050 40 0.12 | DNC
136 1323 | 1050 60 0.04 | DNC
141 1323 | 1050 80 0.04 | DNC
146 1323 | 1050 | 100 0.04 | DNC
151 1373 | 1100 20 0.04 | DNC
156 1373 | 1100 40 0.04 | DNC
161 1373 | 1100 60 0.04 | DNC
166 1373 | 1100 80 0.04 | DNC
171 1373 | 1100 | 100 0.04 | DNC
176 1423 | 1150 20 0.04 | DNC
177 1423 | 1150 20 0.08 | DNC
181 1423 | 1150 40 0.04 | DNC
182 1423 | 1150 40 0.08 | DNC
186 1423 | 1150 60 0.04 | DNC
187 1423 | 1150 60 0.08 | DNC
191 1423 | 1150 80 0.04 | DNC
192 1423 | 1150 80 0.08 | DNC
196 1423 | 1150 | 100 0.04 | DNC
197 1423 | 1150 | 100 0.08 | DNC
201 1473 | 1200 20 0.04 | DNC
206 1473 | 1200 40 0.04 | DNC
211 1473 | 1200 60 0.04 | DNC
216 1473 | 1200 80 0.04 | DNC
221 1473 | 1200 | 100 0.04 | DNC
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TEST PARAMETER RESULTS
UNSORTED FOR MODEL WITH NA AND NZ BOUNDARY CONDITIO NS

Appendix G

SET RELATIVE TO SA
(“DNC” refers to models that did not converge)

VEL

CAYMAN
TROUGH

MAT

MAT
SUBDUCTION

RUN TEMP | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE
No. K T MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT

126 | 1323 | 1050 20 0.04 | DNC

127 | 1323 | 1050 20 0.08 | 119 8.7 39.2 114 24.1
128 | 1323 | 1050 20 0.12 | 139 11.8 31.6 13.9 29.1
129 | 1323 | 1050 20 0.16 | 15.2 13.6 29.7 155 31.1
130 | 1323 | 1050 20 0.20 | 15.6 141 30.0 16.0 31.7
131 | 1323 | 1050 40 0.04 | DNC

132 | 1323 | 1050 40 0.08 8.7 2.9 40.1 14.0 32.7
133 | 1323 | 1050 40 0.12 | DNC

134 | 1323 | 1050 40 0.16 | 105 8.0 315 24.4 40.0
135 | 1323 | 1050 40 0.20 | 123 11.3 30.5 27.6 41.3
136 | 1323 | 1050 60 0.04 | DNC

137 | 1323 | 1050 60 0.08 | 17.7 15.6 38.5 16.1 37.4
138 | 1323 | 1050 60 0.12 | 123 7.6 36.7 234 40.9
139 | 1323 | 1050 60 0.16 8.7 0.1 37.5 30.9 43.4
140 | 1323 | 1050 60 0.20 9.2 5.6 30.4 36.8 45.5
141 | 1323 | 1050 80 0.04 | DNC

142 | 1323 | 1050 80 0.08 | 29.0 28.4 34.7 18.1 40.8
143 | 1323 | 1050 80 0.12 | 22.0 19.2 32.8 26.9 43.4
144 | 1323 | 1050 80 0.16 | 15.0 9.5 35.3 36.4 45.0
145 | 1323 | 1050 80 0.20 | 10.2 1.2 32.9 44.7 47.0
146 | 1323 | 1050 | 100 0.04 | DNC

147 | 1323 | 1050 | 100 0.08 | 41.6 41.4 36.3 19.9 43.2
148 | 1323 | 1050 | 100 0.12 | 33.1 31.2 33.3 30.4 454
149 | 1323 | 1050 | 100 0.16 | 24.0 19.6 34.2 42.0 47.2
150 | 1323 | 1050 | 100 0.20 | 16.5 9.1 34.2 52.4 48.5
151 | 1373 | 1100 20 0.04 | DNC

152 | 1373 | 1100 20 0.08 | 15.6 14.0 30.3 134 27.3
153 | 1373 | 1100 20 0.12 | 16.0 14.2 32.5 12.5 27.8
154 | 1373 | 1100 20 0.16 | 16.2 14.2 33.0 12.3 27.8
155 | 1373 | 1100 20 0.20 | 16.3 14.2 33.0 12.3 275
156 | 1373 | 1100 40 0.04 | DNC

157 | 1373 | 1100 40 0.08 | 12.3 10.8 31.8 23.9 36.8
158 | 1373 | 1100 40 0.12 | 144 13.6 29.0 24.9 37.5
159 | 1373 | 1100 40 0.16 | 15.0 14.2 30.4 25.3 37.7
160 | 1373 | 1100 40 0.20 | 15.2 14.2 31.0 25.4 37.6
161 | 1373 | 1100 60 0.04 | DNC

162 | 1373 | 1100 60 0.08 9.0 5.6 36.0 33.0 40.9
163 | 1373 | 1100 60 0.12 | 12.0 114 29.6 37.2 41.9
164 | 1373 | 1100 60 0.16 | 13.7 13.7 28.2 39.3 42.2
165 | 1373 | 1100 60 0.20 | 142 14.2 28.5 39.9 42.3
166 | 1373 | 1100 80 0.04 | DNC

167 | 1373 | 1100 80 0.08 8.9 0.9 35.8 40.0 43.3
168 | 1373 | 1100 80 0.12 | 10.0 8.1 29.0 47.8 44.6
169 | 1373 | 1100 80 0.16 | 12.3 12.4 27.7 52.1 45.0
170 | 1373 | 1100 80 0.20 | 133 13.9 27.1 53.7 45.2
171 | 1373 | 1100 | 100 0.04 | DNC
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TROUGH

MAT

MAT
SUBDUCTION

RUN TEMP | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE
No. K T MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT
172 | 1373 | 1100 | 100 0.08 | 14.0 8.2 35.1 46.9 44.5
173 | 1373 | 1100 | 100 0.12 9.2 4.3 31.3 58.1 46.0
174 | 1373 | 1100 | 100 0.16 | 111 10.6 28.7 64.7 46.5
175 | 1373 | 1100 | 100 0.20 | 125 13.2 27.7 67.7 46.8
176 | 1423 | 1150 20 0.04 | DNC

177 | 1423 | 1150 20 0.08 | DNC

178 | 1423 | 1150 20 0.12 | 16.8 14.3 35.5 6.1 22.0
179 | 1423 | 1150 20 0.16 | 17.0 14.3 37.1 5.6 211
180 | 1423 | 1150 20 0.20 | 17.0 14.3 37.9 5.4 19.8
181 | 1423 | 1150 40 0.04 | DNC

182 | 1423 | 1150 40 0.08 | DNC

183 | 1423 | 1150 40 0.12 | 16.1 14.2 32.6 134 30.5
184 | 1423 | 1150 40 0.16 | 16.3 14.3 33.4 12.4 30.0
185 | 1423 | 1150 40 0.20 | 164 14.3 33.8 124 29.4
186 | 1423 | 1150 60 0.04 | DNC

187 | 1423 | 1150 60 0.08 | DNC

188 | 1423 | 1150 60 0.12 | 152 14.2 31.1 24.0 35.0
189 | 1423 | 1150 60 0.16 | 155 14.3 32.0 23.1 34.5
190 | 1423 | 1150 60 0.20 | 15.6 14.3 32.4 23.5 34.0
191 | 1423 | 1150 80 0.04 | DNC

192 | 1423 | 1150 80 0.08 | DNC

193 | 1423 | 1150 80 0.12 | 143 141 26.5 35.2 38.0
194 | 1423 | 1150 80 0.16 | 14.7 14.2 27.4 34.7 37.5
195 | 1423 | 1150 80 0.20 | 149 14.3 27.9 34.8 37.1
196 | 1423 | 1150 | 100 0.04 | DNC

197 | 1423 | 1150 | 100 0.08 | DNC

198 | 1423 | 1150 | 100 0.12 | 136 14.0 275 45.3 40.4
199 | 1423 | 1150 | 100 0.16 | 141 14.2 28.3 44.7 40.0
200 | 1423 | 1150 | 100 0.20 | 143 14.3 29.0 44.6 39.6
201 | 1473 | 1200 20 0.04 | DNC

202 | 1473 | 1200 20 0.08 | 17.0 14.3 37.0 2.8 17.3
203 | 1473 | 1200 20 012 | 17.2 14.3 44.0 1.8 16.6
204 | 1473 | 1200 20 0.16 | 17.2 14.3 46.0 1.7 145
205 | 1473 | 1200 20 0.20 | 17.2 14.3 46.5 1.8 12.6
206 | 1473 | 1200 40 0.04 | DNC

207 | 1473 | 1200 40 0.08 | 16.8 14.3 34.7 4.2 23.3
208 | 1473 | 1200 40 0.12 | 170 14.3 36.6 2.1 24.1
209 | 1473 | 1200 40 0.16 | 17.0 14.3 38.5 1.8 23.0
210 | 1473 | 1200 40 020 ] 171 14.3 40.0 1.8 211
211 | 1473 | 1200 60 0.04 | DNC

212 | 1473 | 1200 60 0.08 | 16.3 14.3 33.0 8.5 27.1
213 | 1473 | 1200 60 0.12 | 16.8 14.3 34.4 4.2 27.8
214 | 1473 | 1200 60 0.16 | 17.0 14.3 35.5 3.4 27.2
215 | 1473 | 1200 60 0.20 | 17.0 14.3 36.6 3.2 25.8
216 | 1473 | 1200 80 0.04 | DNC

217 | 1473 | 1200 80 0.08 | 15.7 14.3 30.0 145 29.8
218 | 1473 | 1200 80 0.12 | 165 14.3 30.6 7.6 29.9
219 | 1473 | 1200 80 0.16 | 16.7 14.3 30.3 6.3 294
220 | 1473 | 1200 80 0.20 | 16.8 14.3 31.6 6.6 28.4
221 | 1473 | 1200 | 100 0.04 | DNC

222 | 1473 | 1200 | 100 0.08 | 15.0 14.2 29.5 215 31.8

127




VEL

CAYMAN
TROUGH

MAT

MAT
SUBDUCTION

RUN TEMP | TEMP VEL FRIC MISFIT | SPREADING | STRESS | SUBDUCTION ANGLE

No. K T MM/YR | COEFF. | MM/YR MISFIT MISFIT ° RATE MISFIT

223 | 1473 | 1200 100 0.12 | 16.0 14.3 31.1 125 315
224 | 1473 | 1200 100 0.16 | 16.3 14.3 315 11.3 31.0
225 | 1473 | 1200 100 0.20 | 164 14.3 31.4 11.3 30.1
226 | 1523 | 1250 20 0.04 | 164 14.3 42.8 11.0 14.4
227 | 1523 | 1250 20 0.08 | 17.2 14.3 46.7 0.3 13.6
228 | 1523 | 1250 20 0.12 | 173 14.3 49.2 0.2 11.6
229 | 1523 | 1250 20 0.16 | 173 14.3 50.4 0.2 8.9
230 | 1523 | 1250 20 0.20 | 164 14.3 42.8 11.0 14.4
231 | 1523 | 1250 40 0.04 | 156 14.3 38.8 17.6 20.8
232 | 1523 | 1250 40 0.08 | 171 14.3 40.8 0.5 184
233 | 1523 | 1250 40 012 | 172 14.3 45.7 0.1 19.3
234 | 1523 | 1250 40 0.16 | 173 14.3 47.0 0.1 17.1
235 | 1523 | 1250 40 0.20 | 15.6 14.3 38.8 17.6 20.8
236 | 1523 | 1250 60 0.04 | 149 14.3 36.0 24.1 24.3
237 | 1523 | 1250 60 0.08 | 17.0 14.3 35.7 1.0 20.8
238 | 1523 | 1250 60 012 | 172 14.3 43.8 0.3 22.3
239 | 1523 | 1250 60 0.16 | 17.2 14.3 44.0 0.3 20.4
240 | 1523 | 1250 60 0.20 | 14.9 14.3 36.0 24.1 24.3
241 | 1523 | 1250 80 0.04 | 14.2 14.3 33.5 30.8 26.6
242 | 1523 | 1250 80 0.08 | 17.0 14.3 32.2 1.7 22.5
243 | 1523 | 1250 80 012 | 171 14.3 36.5 0.6 24.3
244 | 1523 | 1250 80 0.16 | 17.2 14.3 40.5 0.5 22.9
245 | 1523 | 1250 80 0.20 | 14.2 14.3 33.5 30.8 26.6
246 | 1523 | 1250 100 0.04 | 13.7 14.2 33.0 37.1 28.4
247 | 1523 | 1250 100 0.08 | 16.8 14.3 32.7 2.5 23.9
248 | 1523 | 1250 100 0.12 | 170 14.3 33.5 0.9 25.7
249 | 1523 | 1250 100 0.16 | 17.2 14.3 37.0 0.7 24.7
250 | 1523 | 1250 100 0.20 | 13.7 14.3 33.0 37.1 28.4
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