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Abstract

High-resolution plate motion reconstructions enable us to observe rapid plate motion changes on a geological time scale.
The North American plate has changed its absolute motion between 8 and 5 million years ago (Iaffaldano and DeMets,
2016). The aim of this study is to explain this event through a reconstruction of torques associated with forces acting on
the plate boundary. Two hypotheses are tested. The first hypothesis considers the motion change of the Pacific plate as
the cause of the North American plate motion change. The clockwise rotation of the neighbouring Pacific plate occurred
simultaneously with the motion change of North America. In the second hypothesis it is proposed that the motion change
is a result of the plate boundary transformation of a diffuse to a strike slip margin in California due to the opening of
the Gulf of California. In the Late Neogene the boundary in California migrated and a diffuse boundary developed to a
strike slip fault. For both hypotheses the torque that the Pacific plate exerts on the North American plate is calculated.
This is done for before and after the absolute motion change of North America. A numerical model of the Pacific-North
America plate boundary is used. The torques are based on the strength of the lithosphere and the relative motion between
the plates. The torque difference is then used to calculate the induced Euler vector change of North America. For the
first hypothesis the modelled motion change of North America does not correspond with the observations from plate
reconstructions. The results do not support the Pacific plate rotation as a cause of the North American motion change.
The hypothesis of the tectonic evolution in California as a cause is a more plausible explanation. The direction and
magnitude of the modelled Euler vector change of North America match the observations within the 68 percent confidence
interval. Although some uncertainties remain, the applied method provides a good insight into the torques behind rapid
plate motion changes.

1 Introduction

A lot of progress has been made in plate motion re-
constructions which allows us to describe plate motions
at a scale of 1 million years. Recent studies collected
high-temporal-resolution finite rotations from magnetic
anomalies along mid-ocean ridges (DeMets and Merkouriev,
2016; Croon et al., 2008). Iaffaldano and DeMets (2016)
used data of seafloor spreading centres from several inde-
pendent plate boundaries to constrain the North American
plate motion in the Late Neogene. The authors combined
the high-resolution relative motions and concluded that
the solution for the North American plate motion was
non-unique. Then, it was argued that the simplest scenario
to explain the observed changes in relative motion was
an absolute plate motion change of the North American
plate. This change of motion occurred in a period between
8 and 5 Ma. The overall North American absolute velocity
decreased. At the location of the San Andreas Fault the
motion changed from 32 to 19 mm/year (Iaffaldano and
DeMets, 2016). In Chapter 2 the applied method and find-
ings of Iaffaldano and DeMets (2016) are further elaborated.

The goal of this study is to explain the North Ameri-
can absolute motion change in the Late Neogene. Two
different hypotheses are tested. The first hypothesis
involves the rotation of the neighbouring Pacific Plate
around 6 Ma. This plate motion change was described by
studies of hotspot tracks (Cox and Engebretson, 1985),
magnetic anomaly data (Cande et al., 1995; DeMets and
Merkouriev, 2016) and was linked to the reorganization of
stress at several places along the plate margin, like the Gulf
of California (Oskin and Stock, 2003b; Austermann et al.,
2011). The Pacific plate rotated about 8 degrees clockwise
with a rate of 47.8 mm/year relative to North America
(DeMets and Merkouriev, 2016). The North American
plate has a long and continuous shared boundary with the
Pacific plate, mainly consisting of convergent and transform
faults. Iaffaldano and DeMets (2016) speculated based on
the timing of previously discussed events and the nature
of the Pacific-North American plate boundary that the
Pacific plate rotation could have been the cause of the Late
Neogene North American plate motion change. Due to
the rotation, the relative motion between the Pacific and
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North American plate at the boundary changed in direction
and magnitude. In this scenario, the Pacific plate motion
change led to a redistribution of forces on the Pacific-North
American plate contact which allowed the North American
plate to change its motion. The hypothesis is in this study
referred to as the Pacific hypothesis. The outcomes of this
study did not confirm the hypothesis.

After it turned out that the results did not support
the scenario of the Pacific plate rotation as the cause of
the North American motion change, a second hypothesis
was introduced. This hypothesis is related to a major
reorganization of the Pacific-North American plate contact
in California around the same time as the North American
motion change. The Gulf of California began to open
around 6 Ma (Oskin and Stock, 2003b). Within the few
million years prior to this event, the Pacific-North America
plate boundary migrated towards the East where it lies to-
day. This led to a transformation from a diffuse into a fully
developed strike slip boundary in California. As a result
the plate boundary weakened substantially. This weakening
affected the force that the Pacific Plate exerted on the
boundary with North America. This could have caused the
North American plate to change its motion. This scenario
is in this study referred to as the California hypothesis.
The results of this study support the hypothesis.

2 The Late Neogene Pacific-North
American boundary and plate
motion in the literature

2.1 Setting

An overview of the Pacific-North American plate boundary
and adjacent tectonic plates is shown in Figure 1. The
Pacific-North American plate boundary stretches for more
than 11,000 kilometers. In the west the North American
plate is bounded by the Okhotsk plate. To the South of
North America lies the Cocos plate. The Pacific-North
American plate contact is complex with alternating con-
vergent and transform margins. In the North the oceanic
Pacific plate subducts beneath the North American plate
in the Aleutian trench. To the East the plate contact is
mainly characterized by large right-lateral transform faults,
including the Queen Charlotte and San Andreas Fault. In
between lies the Cascadia subduction zone where the Juan
de Fuca plate subducts below the North American plate. In
the South (Gulf of California) the plate boundary continues
into the East Pacific Rise.

For this study, it is important to know what the tec-
tonic situation in terms of plate motions was at the
Pacific-North American plate boundary in the Late Neo-
gene. First, the evidence and timing of the North American
plate motion change is discussed. Then, the Pacific plate

Figure 1: Map of the study region.The brown lines mark
the tectonic plate boundaries. PA: Pacific plate, NA: North
American plate, CO: Cocos plate, Ca: Caribbean plate, OK:
Okhotsk plate and JDF: Juan de Fuca plate. Location of
plate boundaries is taken from Bird (2003).

rotation is reviewed, as in the Pacific hypothesis this event
is proposed to be the cause of the motion change of North
America. Finally, the tectonic developments around the
opening of the Gulf of California are explained which play
a central role in the California hypothesis.

2.2 Evidence for the North American ab-
solute plate motion change

Iaffaldano and DeMets (2016) derived the absolute motion
change of the North American plate based on relative mo-
tions derived from magnetic anomalies along several spread-
ing ridges. High-resolution reconstructions from Eurasia-
North America, Nubia-North America, Nubia-Antarctica,
Somalia-Antarctica and Somalia-India from previous stud-
ies (DeMets et al., 2015a,b) were analysed and compared.
Bayesian inference was implemented to measure the prob-
ability of each kinematic change (Iaffaldano et al., 2014).
The authors found that it was likely that North-America
changed its motion relative to Eurasia and Nubia by the
same amount somewhere between 8 and 5 Ma. This motion
change lasted about 0.1 Myr. Besides, in the same time-
interval, it was found that it was probable that Antarctica
changed its motion relative to both Nubia and Somalia with
the same amount. These observations were combined to
infer absolute motions. Any relative motion between two
plates can be regarded as the result of the absolute motions
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Figure 2: Absolute motions of the North American and Antarctic plate. Both the velocities before 8 Ma (blue arrows)
and after 5 Ma (red arrows) are shown. Figure is from Iaffaldano and DeMets (2016).

of each individual plate. For example, the relative motion
between plates A and B is equal to the difference between the
absolute motions of plate A and B: ∆ωA/B = ∆ωA − ∆ωB .
Combining this with the aforementioned observations of rel-
ative plate motions, the authors prepared the following set
of equations:

∆ωNB − ∆ωNA = ∆ωEU − ∆ωNA

∆ωNB − ∆ωAN = ∆ωSO − ∆ωAN

∆ωSO = ∆ωIN

Where in this case ∆ω represents the absolute motion
change of a tectonic plate between 8 and 5 Ma. The captions
NB, NA, EU, AN, SO, IN denote Nubia, North America,
Eurasia, Antarctica, Somalia and India, respectively. The
relative motion between Somalia and India was added as an
additional constraint. The solution of this problem was non-
unique with two different options. The first solution required
that Eurasia, Nubia, Somalia and India all changed their ab-
solute motion at the same time by the same amount. This
was highly unlikely as these plates are influenced by differ-
ent tectonic forces. The second solution was that only North
America and Antarctica changed their absolute motion be-
tween 8 and 5 Ma. This solution was more probable as it was
a simpler scenario which involved less plates changing their
motion by exactly the same amount. Therefore the authors
concluded that North America and Antarctica changed their
absolute motions between 8 and 5 Ma. Because the North
American absolute plate motion change was derived from
magnetic anomaly data, rather than from an absolute ref-
erence frame, the Euler vectors are accurate with a low un-

certainty. A visualisation of these plate motion changes is
shown in Figure 2. Overall, the absolute plate velocity of
North America decreased with around 5 mm/year. In the
region of the San Andreas Fault the motion decreased from
32 to 19 mm/year. In the next paragraph the timing and
magnitude of the motion change of the neighbouring Pacific
plate are discussed.

2.3 Evidence for the Pacific plate rotation

2.3.1 Plate margin observations

Evidence for the Late Neogene rotation was derived from
magnetic anomalies and a multibeam survey in the Pit-
man Fracture Zone, located on the Pacific-Antarctic Ridge
(Cande et al., 1995). The orientation of the strike of the
fracture zone showed an abrupt change in a clockwise direc-
tion. The interpreted change of strike between 6.04 and 5.11
Ma was 8 degrees. After the change of strike, the orienta-
tion of the Pitman Fracture Zone stabilized and remained
unchanged. Other evidence comes from the Gulf of Califor-
nia. Various studies described a reorganization of stresses
linked to the Pacific plate rotation. Before 6.3 Ma, slip
along the Pacific-North American plate boundary was ac-
commodated outside the Gulf of California (Fletcher et al.,
2007). Sudden reorganization took place and displacement
was localized within the Gulf of California (Oskin and Stock,
2003a,b). This was followed by the opening of Gulf of Cal-
ifornia (Umhoefer, 2011; Van Wijk et al., 2017). Finally,
evidence for the Pacific plate rotation comes from the Lau
Basin. This basin is located at the Australian-Pacific plate
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contact, west of the Tonga trench. Bevis et al. (1995) con-
cluded based on geodetic observations that around 6 Ma the
Lau back-arc basin opened. Austermann et al. (2011) linked
this event to the Pacific plate motion change. Based on the
aforementioned studies, Austermann et al. (2011) concluded
that the clockwise Pacific plate rotation was abrupt and oc-
curred around 6 Ma.

2.3.2 Euler vector reconstructions

Different evidence for the Pacific plate motion change
comes from plate reconstructions derived from magnetic
anomaly data at ridges. High-resolution finite rotations of
the Pacific-Antarctic relative motion do not describe any
abrupt change around 6 Ma (Croon et al., 2008). DeMets
and Merkouriev (2016) reconstructed the Pacific-North
America relative motion through magnetic anomaly data
from ridges which resulted into a 1 Myr resolution Euler
vector reconstruction of the past 20 million years. Instead of
an abrupt plate motion change, the reconstruction showed
a gradual clockwise rotation of the Pacific plate. Since the
last 8 Ma, the Pacific plate rotated 7 – 8 degrees relative
to the North American plate. The rate of motion remained
steady at an average of 47.8 mm/year. Furthermore, the
authors argued that the observations of magnetic anomaly
and multibeam data at the Pitman Fracture Zone (Cande
et al., 1995) could be interpreted differently. Instead of just
focusing on the orientation of the abyssal hills adjacent to
the Pitman Fracture Zone before and after 5.9 Ma, a whole
range of structures can be identified. According to DeMets
and Merkouriev (2016), these abyssal hills show a gradual
clockwise motion instead of an abrupt plate motion change.

The previously mentioned evidence described the Pa-
cific plate motion in a reference frame relative to other
plates. Independent constraints can be derived from plate
reconstructions relative to hotspots in the mantle. Several
hotspot seamount chains lie on the Pacific plate which were
used in the past to reconstruct the Pacific absolute plate
motion (Cox and Engebretson, 1985; Koppers et al., 1998;
Wessel and Kroenke, 2008). Wessel and Kroenke (2008)
studied and combined the tracks of 12 different seamount
chains to construct finite rotations with a resolution of a
few million years. The authors estimated that the clockwise
rotation of the Pacific plate occurred around 6 Ma. Stotz
et al. (2017) reconstructed the Pacific plate absolute motion
since 15 Ma by combining several finite rotation data sets.
This included the use of the absolute plate motion change of
Antarctica between 8 and 5 Ma identified by Iaffaldano and
DeMets (2016). Then, the authors combined the Antarctica
plate motion change with the average absolute Antarctica
motion since 10 Ma (Torsvik et al., 2010) to construct
an Euler vector which described the absolute Antarctica
motion from 5 Ma to the present. By adding the Euler
vectors of the absolute Antarctica motion and the Pacific-
Antarctica relative motion (DeMets and Merkouriev, 2016)
the Pacific absolute motion was reconstructed. Stotz et al.

Figure 3: Present day tectonic map of the California region.
Faults are shown in black lines, spreading centers in red.
The yellow arrows mark the direction of the relative motion.
SAF: San Andreas Fault. Figure adapted from Umhoefer
(2011).

(2017) concluded that most of the Pacific plate motion
change occurred between 10-5 Ma.

In the previous paragraphs different types of evidence
for the Late Neogene Pacific plate rotation were discussed.
The motion change occurred most likely around 6 Ma. It
is debated whether the absolute motion change happened
gradually or abrupt. The Pacific rotation affected the rate
and direction of the relative motion along the whole plate
boundary with North America.

2.4 Hypothesis 2: the Gulf of California

The region which experienced most tectonic evolution dur-
ing the North American plate motion change was the Gulf
of California and the surrounding area. This development
plays a central role in the California hypothesis. A tectonic
map of the region is shown in Figure 3. Extension in the
Gulf of California developed gradually and the northern
part eventually began to open around 6 Ma (Oskin and
Stock, 2003b; Umhoefer, 2011). This event was preceded
by a drastic reorganization of tectonic forces at the plate
boundary. Prior to 12 Ma, the remaining part of the
Farallon plate was subducting below the North American
continental margin along Baja California. The plate contact
was located to the West of the peninsula, rather than to
the East where the Pacific-North American plate boundary
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lies today. The oblique subduction was accompanied by the
interaction of the Pacific-Farallon spreading ridge with the
North American plate boundary. The subduction in that
area ceased and around the same time spreading stopped.
The exact order and timing of events regarding the Farallon
plate in this region is debated (Michaud et al., 2006).

Over the course of a few million years, the boundary
changed from an oblique subduction zone to a dextral
strike-slip transform fault. Simultaneously, the boundary
migrated from the west coast towards the East of Baja
California (Stock and Hodges, 1989). In the North of the
Gulf of California the boundary moved towards the present
day location of the San Andreas Fault. This meant that
in California the North American plate developed from
a continuous continental lithosphere to an active strike
slip boundary. The lithosphere in the Gulf of California
ruptured and spreading followed (Umhoefer, 2011). Since
the onset of the dextral strike-slip motion, it was estimated
that Baja California migrated about 300 kilometer in a
North-West direction along the boundary (Oskin et al.,
2001). In California the motion was accommodated along
the San Andreas Fault.

3 Method

3.1 Describing torques on plates

The motion change of a tectonic plate is the result of a
change of the forces which affect the plate. Each of these
forces exerts a torque, or moment upon the plate. The next
paragraphs explain how to describe these torques quantita-
tively and how to estimate their magnitudes. For the ex-
planation the approach of Iaffaldano and Bunge (2015) is
followed.

3.1.1 Quantifying torques on plates

The net (or total) torque MT acting on a plate can be di-
vided into two different components. These are the torques
caused by shallow-seated (tectonic) forces (MN ) and the
torques caused by basal-shear (asthenosphere) forces (Mb).

MT = MN + Mb (1)

It can be demonstrated that at every moment in time a
torque balance exists. A derivation of this is shown in Ap-
pendix B. Equation 1 reduces to:

MN + Mb = 0 (2)

This torque balance is essential; now the different torque
components MN and Mb can be defined and a physical
expression for the total torque can be found. The torque
related to basal-shear stresses can be described as follows:

Mb =

∫
A

r × σ · dA =

∫
A

r × µε̇ · dA (3)

Here r is the Earth’s radius minus the local plate thickness.
σ is the shear traction from the plate (with basal area A)
gliding over the asthenosphere. Therefore this term repre-
sents the Couette flow in the mantle caused by the motion
of the tectonic plate. Linear viscous flow is assumed. This
makes that the shear traction is directly proportional to the
strain rate ε̇ through the viscosity µ. Equation 3 can be
expressed in terms of the plate velocity:

Mb =

∫
A

r × µa
va − vp
D

· dA (4)

Where vp is the velocity of the plate at r relative to the
mantle below the asthenosphere. va is the asthenosphere
flow. D is the thickness of the asthenosphere. µa is the local
radial average of the asthenospheric viscosity. The plate
velocity vp can be written in terms of angular velocity ω
which is also relative to the mantle below the asthenosphere.
A cross product is applied here because the velocity vp is a
vector perpendicular to both r and ω.

vp = ω× r (5)

This is used to get an expression for the angular velocity in
Equation 4:

Mb =

∫
A

r × µa
va
D

· dA−
∫
A

r × µa
ω× r

D
· dA (6)

Equation 6 can be substituted into Equation 2, and with
rewriting the equation becomes:∫

A

r × µa
ω× r

D
· dA = MN +

∫
A

r × µa
va
D

· dA (7)

This is a useful expression as it relates plate motions on the
left hand side to torques arising from tectonic forces and
asthenospheric flow on the right hand side of the equation.

3.1.2 Torque difference due to a plate motion
change

As was stated previously, at every moment in time the
torques working on a tectonic plate are in balance. When
the motion of a plate changes, a balance of torques can be
constructed for both before (t1) and after (t2) the plate mo-
tion change.∫
A1

r × µa
ω1 × r

D
· dA1 = MN (t1) +

∫
A1

r × µa
va(t1)

D
· dA1∫

A2

r × µa
ω2 × r

D
· dA2 = MN (t2) +

∫
A2

r × µa
va(t2)

D
· dA2

These equations can be subtracted to describe the change
of torques over time. While doing so, it must be assumed
that the surface of the plate remains the same (A1 = A2).
For rapid plate motion changes over a relatively short time
interval this is a reasonable assumption. The torque change
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can be expressed as follows:∫
A

r × µa
∆ω(t1, t2) × r

D
·dA = ∆MN (t1, t2) +∫
A

r × µa
∆va(t1, t2)

D
· dA (8)

Equation 8 shows that changes of the angular velocity of
a tectonic plate are caused by either a change of torque
due to tectonic forces, or by a change of torque due to the
asthenospheric flow.

3.1.3 Application to the Pacific-North America
plate boundary

The equations described in the previous paragraphs provide
the framework to describe the torques at the Pacific-North
America plate contact. For both the Pacific hypothesis and
the California hypothesis the same mathematical approach
is applied. The torque balance at two different moments is
considered. These moments are before (t1= 8 Ma) and after
(t2= 5 Ma) the absolute motion change of the North Amer-
ican plate. When Equation 8 is applied to this situation, a
few terms can be simplified. With rapid plate motions, as
is the case with North America, it is not expected that the
flow in the asthenosphere changes significantly within the
short time interval. This has to do with the scale of mantle
convection. Numerical models of mantle circulations show
that the timescale for large changes in mantle structure far
exceeds the timescale of rapid plate motion changes (Bunge
et al., 1998). Therefore it is assumed that for the case of
North America ∆va(t1, t2) is zero. Equation 8 reduces to:∫

A

r × µa
∆ω(t1, t2) × r

D
· dA = ∆MN (t1, t2) (9)

The next step is to get more insight into the term
∆MN (t1, t2) which describes the torque change due to
tectonic forces. When the Pacific plate rotated, the mag-
nitude of the torque exerted by the Pacific plate on North
America changed. This is a result of the change of the
resisting force of the Pacific plate on the boundary with
North America. When the torques at the plate boundary
before and after the North American motion change are
compared, a tectonic torque difference remains which is a
result of this resisting force change. In the hypotheses of
this study it is assumed that ∆MN (t1, t2) is equal to the
torque difference arising from the change in resisting force
caused by the rotation of the Pacific plate. With this comes
the assumption that all other torques arising from tectonic
forces working on the plate boundary have not changed
between 8 and 5 Ma.

Like any force, the resisting force the Pacific plate exerts on
North America has both a magnitude and direction. The
magnitude of this force is equal to the strength of the Pa-
cific plate at the boundary, in this case denoted with S(t, x).
The strength of the boundary depends on the location along

the plate contact and the moment in time. The direction of
the resisting force is specified by the relative motion between
the Pacific and North American plate. This direction can be
represented by the unit vector v̂(t, x) which is also depen-
dent on time and the location along the plate boundary. The
vector of the resisting force at one segment of the boundary
is equal to the unit vector multiplied with the lithosphere
strength and the length of the segment dx :

F(t, x) = S(t, x) · v̂(t, x) · dx (10)

The torque resulting from this force is the cross product
with the radius r. The total torque caused by the resisting
force of the Pacific plate is equal to the sum of the individual
torques related to each segment of the plate boundary. The
total torque can be described as follows:

M(t) =

∫
L

r × F(t, x) · dL (11)

Where L is the total length of the plate boundary. Equation
11 can be applied to the plate boundary at both t1 and t2.
Subtracting these torques leads to ∆M(t1, t2), the torque
difference due to the rotation of the Pacific plate over the
time period 8 to 5 Ma:

∆M(t1, t2) = M(t1) − M(t2) (12)

The final step in order to test the hypothesis is to calculate
the change of angular velocity of the North American plate
induced by the torque change. Important to note in this
process is that the torque change calculated with Equation
12 is said to be equal to ∆MN (t1, t2) of Equation 9. Again,
this works because it is assumed that the torque difference
is completely caused by the change in resisting force due to
the Pacific rotation. Equation 9 can be written in matrix-
notation:

∆M = C ∆ω (13)

Where the matrix C represents the double cross product
with r. The term also includes the average radial viscosity
of the asthenosphere µa and the depth of the asthenospheric
flow D. The complete matrix looks as follows:

C =
µa
D


∫
A

(y2 + z2)dA −
∫
A
xy dA −

∫
A
xz dA

−
∫
A
xy dA

∫
A

(x2 + z2)dA −
∫
A
xy dA

−
∫
A
zx dA −

∫
A
yz dA

∫
A

(x2 + y2)dA


In this case it is assumed that beneath the plate D and
µa are uniform. The matrix C can then be inverted. The
inverse of this matrix exists because as is shown in Equation
9, it involves the integral over A, the surface of the plate.
The final equation becomes:

∆ω = C−1 ∆M (14)
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Where ∆ω is the angular velocity change of the North Amer-
ican plate due to the change of resisting force of the Pacific
plate. The magnitude and direction of this vector can be
compared with the results of Iaffaldano and DeMets (2016)
to argue whether the motion change of North America is
caused by the rotation of the Pacific plate. The next para-
graph will go into further depth on how to calculate S(t.x),
the strength of the lithosphere.

3.2 The strength of the lithosphere

For this study the strength of the lithosphere is important
as it defines the magnitude of the resisting force of the
Pacific plate at the boundary (Equation 10). Therefore it
has a significant impact on the magnitude and direction
of the torque resulting from this force. The strength can
be calculated from a strength profile of the lithosphere, of
which an example is shown in Figure 4. The total strength
of the lithosphere is equal to the integral of the profile. This
is the value which has to be overcome to allow differential
motion between two plates along a given margin. In this
study a model of the strength profile of the Pacific plate at
the boundary with North America is built. The model can
be distinguished into two different sections, based on the
dominant rock deformation mechanism. The upper part
of the profile contains brittle deformation, while the lower
part of the profile is characterised by ductile deformation.
The intersection between both lines marks the transition
between the dominant deformation mechanism. The dotted
line in Figure 4 shows how the value of the strength
integral increases with depth. Most of the strength of the
lithosphere lies in the region with brittle deformation. The
ductile part of the profile is substantially weaker.

The Pacific plate at the boundary with North Amer-
ica exists of both oceanic and continental lithosphere. The
type of lithosphere affects the shape and the integral of the
strength profile. Besides, the profile is dependent on age
which means it has different input values for different mo-
ments in the past. For the torque calculation the strength
of the Pacific plate is required for both before (8 Ma) and
after the North American plate motion change (5 Ma). In
the following paragraphs the different factors influencing
the lithosphere strength in the model are discussed. The
complete list of input parameters and their values can be
found in Table 2.

3.2.1 Temperature and pressure gradients

The temperature and pressure in the lithosphere control the
type of rock deformation with depth. The temperature gra-
dient in the model depends on the heat flow and thermal
conductivity. For oceanic lithosphere, the heat flow in the
model is derived from the cooling half-space model (Stein
and Stein, 1992). Therefore the heat flow of the oceanic
lithosphere of the Pacific plate is based on the age of the
seafloor. Reconstructed age grids are used for 8 and 5 Ma

Figure 4: A typical strength envelop of rocks in the litho-
sphere. The dashed line shows the total integral as a func-
tion with depth. Figure from Iaffaldano (2012).

(Müller et al., 2008). For continental lithosphere, the heat
flow is taken from a global heat flow database (Davies, 2013).
The pressure gradient depends on rock density and increases
with depth. The rock density is taken to be constant for each
rock type.

3.2.2 Brittle deformation

In the upper part of the lithosphere rock deformation is con-
trolled by frictional sliding (Kohlstedt et al., 1995) and the
maximum differential stress in this region is referred to as
the frictional strength. The frictional strength can be deter-
mined through the Mohr-Coulomb theory:

σs = S0 + µσn (15)

This linear relationship shows that three parameters
contribute directly to the frictional strength: normal stress
σn, cohesive strength S0 and the coefficient of friction µ.
The normal stress is equal to the component of pressure
orthogonal to the fault surface of the plate boundary. In
the model, the dip angle of this surface depends on the
plate boundary type. The coefficient of friction has a
large impact on the value of the frictional strength, but
has shown to be difficult to constrain for large scale plate
boundaries. The choice for the friction coefficient in the
model is explained in the following paragraph.
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Model µmin µmax saturation thickness (km)
1 0.02 0.05 0.5
2 0.01 0.06 1
3 0.02 0.07 1

Table 1: Values for the friction models used in this study.

Often Byerlee’s law is used to estimate the coefficient
of friction for rocks at a certain pressure. This is a specific
relation between maximum stress and the coefficient of
friction based on numerous laboratory experiments and
has shown to work well for a whole range of rock types
(Byerlee, 1978). The typical value used for the coefficient of
friction is 0.85 at low confining pressure (< 200 MPa) and
0.6 at higher confining pressure (> 200 MPa). However,
these values were determined by measuring the strength
of rock samples on a small scale in a laboratory and it
is questionable whether these values reflect well on the
actual strength of large-scale plate boundaries. Suppe
(2007) studied the mechanics of critical taper wedges at
accretionary wedges of converging plate boundaries. A
relationship was found between the shape of the wedge
and the wedge strength. From this the frictional properties
of the margin were estimated. The coefficient of friction
of the basal detachment lay between 0.04 and 0.1, which
was considerably less than what was found in laboratory
studies. Iaffaldano (2012) described the driving forces of
the convergence between the Philippine plate and Eurasia
in order to constrain the friction coefficient at the plate
boundary. The study established a relationship between the
sediment thickness on the ocean floor and the coefficient
of friction of the plate boundary. This relationship stated
that the friction coefficient decreased linearly with an
increase of sediment thickness. The coefficient of friction
was the highest when there was not any sediment present
at the margin. The decrease continued to the point that a
threshold thickness was reached for the sediments, referred
to as the saturation thickness. From there the coefficient
of friction stayed at a minimum value. Iaffaldano (2012)
tested a range of values and three models gave results which
correspond with the observed convergence rate. These
models are shown in Figure 5 and their parameters are
described in Table 1. Iaffaldano (2012) concluded that the
value of the friction coefficient at large plate boundaries
lay between 0.01 and 0.07. The magnitude of these values
corresponds roughly to what Suppe (2007) proposed. The
friction models are applied to the model of the strength
profile for the brittle part of the oceanic lithosphere. For
the continental margin a constant value is used, within the
range of the values proposed by the previously discussed
studies (Iaffaldano, 2012; Suppe, 2007).

3.2.3 Ductile deformation

With increasing pressure and temperature with depth, the
dominating rock deformation mechanism changes to duc-

Figure 5: Models proposed by Iaffaldano (2012) for the coef-
ficient of friction of large-scale plate boundaries as a function
of sediment thickness.

tile deformation. The maximum differential stress σd in
this region is called the plastic strength. In the lithosphere
strength model the following law is used to describe the duc-
tile deformation (Kohlstedt et al., 1995):

σd =

(
ε̇

A
e

(
Q+PVd
RT

)) 1
n

(16)

The parameters n, A, Q and Vd describe the ductile be-
haviour of a certain rock type and can be derived from lab-
oratory experiments (e.g. Gleason and Tullis, 1995; Chopra
et al., 1981). The explanation and input values of these
parameters can be found in Appendix A. Each rock type
has specific properties which affect the ductile deformation
curve in the strength profile. For many rock types a num-
ber of laboratory experiment measurements is available from
the literature (e.g. Burov, 2011). To account for the vari-
ety of measurement outcomes of these studies in the model,
the strength profile is calculated for a range of different val-
ues. The average of the surface integral of these strength
profiles is taken as the representative strength of the litho-
sphere. Besides, also the strain rate ε̇ influences the plastic
strength. The strain rate in the context of plate boundaries
can be regarded as the deformation rate at the plate con-
tact. This local rate at the plate boundary is derived from
the relative motion between the Pacific and North American
plate. The strain rate is then achieved by dividing the rate
of motion by the width of the plate boundary. The width
of a plate boundary is generally in the order of a hundred
kilometers and is taken as a constant along the margin.

3.2.4 Uncertainty of strength profile in the past

The model calculates the strength profile of the lithosphere
in the past, rather than in the present, which brings some
additional uncertainties. The exact thickness of sediment
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which is used as an input for the coefficient of friction
is unknown in the past. Therefore the model uses the
present day sediment thickness based on the location of
the plate boundary. This is a justifiable assumption as
the location of the Pacific-North America plate boundary
has not changed much since 8 Ma. Also the heat flow
of the continental lithosphere in the past is difficult to
constrain. The values of the heat flow are taken from a
global present-day database (Davies, 2013). The heat flow
data is based on a large set of point measurements. The
values measured around the Gulf of California, however,
are extremely high for continental lithosphere. Taken into
account that these values are based on point measurements
and today spreading is occurring in parts of the region, it is
decided to limit the heat flow in the model to 75mW m−2.
This is in the order of what is expected for continental
lithosphere (Pollack et al., 1993) and therefore a more repre-
sentative approximation of the heat flow around 8 and 5 Ma.

Finally, examples of strength profiles along the Pacific-
North American plate boundary generated by the model
are shown in Figure 6.

3.3 Model input

3.3.1 Euler vectors

The Euler vectors of the Pacific-North American relative
motion play an essential role in determining the torque
change between both plates from 8 to 5 Ma. The direction
of the resisting force at the plate contact corresponds
with the direction of the relative motion. The torques are
then derived from the cross product of this force with the
position vector. Furthermore, from the same Euler vectors
the strain rate is derived which is used in the lithosphere
strength profile. In this study the relative motion between
the two plates is reconstructed through their individual
absolute plate motions. For the Pacific plate, the finite
rotations of the WK08-G model of Wessel and Kroenke
(2008) are used. For the North American plate, the finite
rotations of Doubrovine et al. (2012) are used. This data
was derived from a global moving hotspot reference frame
and has a coarser resolution of a 10 million year timescale.
From the finite rotations the stage poles are reconstructed
for the plates at both 8 and 5 Ma. Once the stage poles
for both plates are known these are used to calculate the
relative motion between the two plates which is expressed as
an Euler vector. To account for the uncertainty of the Euler
vectors, an ensemble of one million samples is generated
for each finite rotation. The generation of these samples
is based on the covariance of the finite rotation. For all
of these samples the stage poles of the relative motion are
calculated. The input for the model is a set of one million
samples of the Euler vector describing the relative motion
between the Pacific and the North American plate.

The choice for absolute motions of the individual plates,

rather than available relative motion data (DeMets and
Merkouriev, 2016) can be motivated through the torque
equations and the hypotheses. To describe the North
American absolute motion change, Iaffaldano and DeMets
(2016) partly used the same data as DeMets and Merk-
ouriev (2016) did. Therefore, if the Pacific-North American
relative motion data was used to determine the direction of
the resisting force along the plate boundary in this study
(e.g. Equation 10), it would already be imposed in the
model that the North American motion change occurred.
Instead, by using the absolute plate motions the output
of the model is independent of the North American plate
motion change. The data of Doubrovine et al. (2012) does
not resolve the motion change and therefore the calculated
torque difference is the result of the Pacific plate rotation
alone.

3.3.2 Asthenosphere viscosity and thickness

The calculated change in torque in the model is converted to
a change in angular velocity through the inverse of the ma-
trix C (Equation 14). This matrix involves rheological pa-
rameters of the mantle such as the viscosity of the astheno-
sphere. Based on postglacial rebound studies and studies
of the geoid it was concluded that a contrast of viscosities
must exist between the asthenosphere and the mantle be-
low. In terms of rheology, the asthenosphere is regarded as
a ’low viscosity zone’ (LVZ) (e.g. Cathles, 1975; Hager and
Richards, 1989). In attempts to constrain these values it was
found that there was a trade-off between the thickness of the
LVZ and its viscosity (Cathles, 1975). The exact values for
these parameters however remained to be a topic of debate
as it is notoriously difficult to get high resolution constraints
on the viscosity structure of the upper mantle (Mitrovica,
1996; Paulson and Richards, 2009; Peltier and Jiang, 1996).
In the model of this study, the following relationship (Paul-
son and Richards, 2009) between the viscosity contrast with
the LVZ and the mantle is used to constrain the thickness
of the asthenosphere:

D = 102.67
(
µa
µum

)0.337

(17)

Where D and µa are the asthenosphere thickness and vis-
cosity. µum is the viscosity of the upper mantle below the
the LVZ. The model is run for different viscosity contrasts.
The use of these contrasts result in four different viscosity
models which are shown in Table 3. The viscosity values are
in the order of a magnitude comparable with the outcomes
of most postglacial rebound and geoid studies (Paulson and
Richards, 2009; Richards and Lenardic, 2018).
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Figure 6: Examples of strength profiles of the lithosphere at the Pacific-North America plate boundary against depth.
The strength profile is shown in black. The grey dashed line represents the depth of the Moho. The blue dashed line is
the frictional strength and the orange and green lines represent the plastic strength. a) An oceanic lithosphere strength
profile. b) A continental lithosphere strength profile.
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General parameters
Parameter Description Value Source
n,A,Q,Vd Ductile deformation parameters - See Appendix A
R Gas constant 8,314 J ·K−1 ·mol−1

k Thermal conductivity crust: 2.75 McKenzie et al. (2005)
lithospheric mantle: 3.5

Ta Asthenosphere temperature 1300 ◦C
k Thermal diffusivity 10−6 m2· s−1 Robertson (1988)
L Lithosphere thickness 100 km
W Width of plate boundary 150 km
ρm Density mantle (Olivine) 3300 kg/m3

Oceanic Lithosphere
Parameter Description Value Source
Q Heat flow 0-500 mW · m2 Müller et al. (2008) (Seafloor age)
µ Coefficient of friction 0.01-0.07 Iaffaldano (2012)

Whittaker et al. (2013)(Sediment thickness)
zm Moho depth 7 km White et al. (1992)
ρc Density crust (Gabbro) 3300 kg/m3

Continental Lithosphere
Parameter Description Value Source
Q Heat flow 0-75 mW · m2 Davies (2013)
µ Coefficient of friction 0.03 Suppe (2007); Iaffaldano (2012)
zm Moho depth 30 km Christensen and Mooney (1995)
ρc Density crust (Quartzite) 2700 kg/m3

Table 2: Input parameters for the model of the strength profile of the lithosphere.
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Model number µa (Pa s) µum (Pa s) D (km)
1 1020 5 · 1021 187.8
2 1020 1.5 · 1021 148.7
3 5 · 1019 1.5 · 1021 99.1
4 5 · 1019 5 · 1021 125.2

Table 3: Overview of the different viscosity models. µa:
viscosity of the asthenosphere. µum: viscosity of the mantle
below the asthenosphere. The asthenosphere thickness D is
calculated with Equation 17.

In the following sections first the results for the Pacific hy-
pothesis are presented and analysed. The model used to test
this hypothesis is referred to as the Pacific model. Then the
model (referred to as the California model) used for the Cal-
ifornia hypothesis is further elaborated and the results are
discussed.

4 Results Pacific hypothesis

4.1 Plate boundary strength and torques

The strength of the lithosphere varies along the Pacific-
North American plate boundary. Figure 7 shows the calcu-
lated values of the strength integral along the plate bound-
ary at 5 Ma. The units are in Newton/meter as this equals
the differential stress (Pascal) times the depth of the pro-
file. Strength differences of up to 2 orders of magnitude
can be observed along the plate contact. The lithosphere is
particularly weak near the Juan de Fuca plate and in the
Gulf of California. The strength of the plate boundary and
the direction of the relative motion determine the torque
which the Pacific plate exerts on the North American plate.
The torques are represented with a pole and a magnitude.
The pole distribution and the magnitude of the torques are
shown in Figure 8. The poles of the torques calculated at 8
Ma show a larger spreading than the the torques at 5 Ma.
The poles of 5 Ma lie completely within the 8 Ma pole dis-
tribution. The magnitude of the torque at 5 Ma is larger
than at 8 Ma. Both torques are in the order of 1025 New-
ton meter. The difference between both torques is used to
calculate the Euler vector change.

4.2 Euler vector change

The distribution and magnitude of the Euler vectors which
describe the motion change of North America are shown
in Figure 9. The outcome of the model is shown together
with samples of the Euler vector results of Iaffaldano and
DeMets (2016). The distributions of the model outcome
and the study results are far apart and the poles lie on
different hemispheres. The peaks in the angular velocity
histogram correspond well. The model has been tested for
different input values for the viscosity and coefficient of
friction. The applied friction models are listed in Table
1 and the viscosity models in Table 3. The coefficient

Figure 7: The strength of the lithosphere along the Pacific-
North America plate boundary at 5 Ma. PA: Pacific plate,
NA: North American plate, CO: Cocos plate.

of friction affects the strength of the plate boundary and
therefore the calculated torque. This has an influence on
the angular velocity of the motion change. The location of
the Euler poles remain almost unchanged. The Euler pole
distribution as a function of friction and viscosity can be
found in Appendix C. The effect of the different friction
models on the angular velocity is shown in Figure 10. What
can be observed is that a different model shifts the peak
of the angular velocity plot. The angular velocity is the
highest when friction model 3 is applied. This model has
the highest maximum coefficient of friction, which leads to
a relatively large frictional strength in the profile. Friction
model 1 contains the lowest maximum friction coefficient
which leads to a lower angular velocity overall.

Figure 11 shows the angular velocity as a function of
different viscosity models. Like with the friction models,
the angular velocity peak is shifted. The effect on the
longitude and latitude of the Euler poles is negligible
(Appendix C). Viscosity model 2 has the smallest contrast
between the viscosity values of the asthenosphere and the
mantle. Viscosity model 4 has the largest contrast in values.
However, the models which produce the smallest and largest
angular velocity are viscosity models 1 and 3. Viscosity
model 1 has the largest thickness of the asthenosphere and
gives the lowest angular velocity. The angular velocity
is the highest when viscosity model 3 is applied, which
contains the smallest thickness of the asthenosphere.

5 Analysis of Results Pacific hy-
pothesis

The strength of the lithosphere changes as the value of
parameters change along the margin. In the North the
subducting lithosphere is older which results in a lower
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Figure 8: The distribution of calculated torques at 8 Ma (Blue) and 5 Ma (Green). a) The contours show the 68 percent
confidence interval. The dots show the average values. b) The magnitude of the calculated torques. In this case friction
model 2 is used.

Figure 9: The Euler vectors of the North American absolute motion change. a) The results calculated by the Pacific model
are shown for the 68 percent (light blue) and the 20 percent confidence region (dark blue). The results of Iaffaldano and
DeMets (2016) are shown in red. b) Histogram of the angular velocity.
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Figure 10: The angular velocity results of the Pacific model
for different friction models. The distribution of the angular
velocity of Iaffaldano and DeMets (2016) is shown in red.

heat flow. Therefore the lithosphere is relatively strong in
that region. Along the Juan de Fuca plate and in the Gulf
of California the lithosphere is young which explains the
lower strength values in those regions. The magnitude of
the calculated torques is in the order of magnitude what
is expected for tectonic torques. The results of the Euler
vector change of the North American plate due to the
rotation of the Pacific plate have been presented. The
locations of the Euler poles generated by the model do not
fall in the 68 percent confidence interval of the Euler poles
calculated by Iaffaldano and DeMets (2016) (Figure 9). If
the Pacific plate rotation has caused the motion change
of North America, it is expected that the locations of the
Euler poles would correspond. However, the poles generated
by the model are far off which means that the direction
of the motion change induced by the Pacific plate is different.

The coefficient of friction and viscosity both influence
the angular velocity in a similar way. The peak of the
angular velocity is shifted towards the right or left side
of the values of the Euler pole sampling of Iaffaldano and
DeMets (2016). The friction coefficient affects the torque
directly. Therefore the impact of the friction coefficient
on the induced motion change emphasizes the importance
of a good approximation of the torque. A larger friction
coefficient leads to a larger angular velocity due to the
larger strength of the lithosphere. The use of different
viscosity models also results in a different angular velocity.
The asthenosphere thickness is calculated based on the
viscosity contrast of the models. This combination of
factors plays a role in the conversion of the torque difference
to the Euler vector change. The impact of the viscosity
on the model is discussed in further depth in the general
discussion (Chapter 9). The location of the Euler poles
remains virtually unchanged. Therefore the poles from the
model stay equally far off from the observed Euler poles. It

Figure 11: The angular velocity results of the Pacific model
for different viscosity models. The distribution of the an-
gular velocity of Iaffaldano and DeMets (2016) is shown in
red.

can be concluded that the rotation of the Pacific plate did
not cause the absolute motion change of North America in
the Late Neogene. In the next paragraphs the setup and
results of the second hypothesis are discussed.

6 Testing the California hypothesis

This part of the study focuses on the second hypothesis,
whether the tectonic changes accompanied with the opening
of the Gulf of California caused the North American plate
motion change in the Late Neogene. The model which is
used to test this hypothesis is referred to as the California
model. The same mathematical approach is applied as with
the Pacific model. Again the torque of the resisting force
of the Pacific plate is calculated at both before (8 Ma) and
after (5 Ma) the motion change of North America. The
focus lies on the part of the plate boundary affected by the
opening of the Gulf of California. The segment of the plate
boundary used in the California model is shown in Figure
12. This margin migrated and transformed when Baja
California migrated northwards. Therefore it experienced
most tectonic evolution during the absolute motion change
of North America between 8 and 5 Ma.

At 8 Ma it is assumed that the plate boundary in
California is not fully formed yet. First it was located along
the west coast, where there had been subduction. Then,
the boundary migrated inland to the location where it is
today. At 8 Ma the region was deforming but a complete
lithosphere boundary was not yet developed. This situation
is simulated in the model with a large coefficient of friction
which creates a large resistance against brittle deformation.
This means that more stress is required to allow relative
motion between the plates and therefore this mimics the
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Figure 12: The present day Pacific-North America plate
boundary around Baja California. The plate boundary is
marked in black. The plate boundary segment used in the
California model is shown in red. PA: Pacific plate, NA:
North American plate.

presence of the diffuse boundary. In the simulations the
values 0.2, 0.4, 0.6 and 0.8 are used. These values are higher
than what is thought to be reasonable for fully developed
plate boundaries (Suppe, 2007; Iaffaldano, 2012) and are
more in the range of the results of laboratory deformation
experiments (Byerlee, 1978). At 5 Ma the continental
margin has become a strike slip fault. For the coefficient
of friction of continental lithosphere the same procedure is
applied as with the Pacific model, a constant value is taken
(Table 2). The torque difference predominantly arises from
the large friction coefficient which is used to simulate the
development of the margin between 8 and 5 Ma.

7 Results California hypothesis

7.1 Plate boundary strength and torques

The strength of the plate boundary is mainly controlled by
the different friction coefficient values applied to the model
at 8 Ma. The strength of the lithosphere as a function of the
friction coefficient is shown in Figure 13. For 8 Ma, an in-
crease of friction coefficient causes an almost linear increase
of the average strength integral value along the California
plate boundary section. Also the (fixed) strength of the
plate boundary at 5 Ma is plotted. At 5 Ma a constant fric-
tion coefficient of 0.03 is used. The strength of the bound-
ary at 8 Ma is for any of the tested friction coefficient values
higher than the strength at 5 Ma. The torques calculated
by the California model are shown in Figure 14. The di-
rection is represented by the pole and the histogram shows

Figure 13: The average strength of the Pacific-North Amer-
ica plate boundary in California at 8 Ma as a function of
friction coefficient is shown in green. For comparison, the
orange dashed line shows the strength of the plate boundary
at 5 Ma with a fixed friction coefficient of 0.03.

the magnitude of the torques at 8 and 5 Ma. The uncer-
tainty of poles at both times is relatively small. The torque
magnitude histograms show very little individual spreading.
The magnitude of the torques is in the order of 1024 to 1025

Newton meter. The torque at 8 Ma is significantly larger
than the torque calculated at 5 Ma.

7.2 Euler vector change

Based on the torque difference the Euler vector change of
North America is calculated. The Euler poles and angular
velocity which describe this motion are shown in Figure 15.
Besides the model outcomes also the sampled Euler poles
of Iaffaldano and DeMets (2016) are plotted. The region
of the 68 percent confidence interval of the model outcome
overlaps with the sampled poles from the literature. The
20 percent confidence regions however, are far apart. The
angular velocities correspond well. The California model
has been tested for a range of friction and viscosity models.
The value of the friction coefficient of the boundary at 8 Ma
has been varied. The effect of of these values on the angular
velocity is shown in Figure 16. Again, a different friction
coefficient affects the strength of the lithosphere. As a
result, a larger friction coefficient leads to a larger angular
velocity. The Euler pole location is barely influenced by
different friction coefficients. The effect of the friction coeffi-
cient on the Euler pole location can be found in Appendix C.

The same viscosity models have been applied to the
California model as with the Pacific model. The models are
listed in Table 3. The results for different viscosity models
are shown in Figure 17. The viscosity input has a large
influence on the peak of the angular velocity histogram.
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Figure 14: The distribution of calculated torques at 8 Ma (Blue) and 5 Ma (Green). a) The contours show the 68 percent
confidence interval. The dots show the average values. b) The magnitude of the calculated torques.

Figure 15: The Euler vectors of the North American absolute motion change. a) The results calculated by the California
model are shown for the 68 percent (light blue) and the 20 percent confidence region (dark blue). The results of Iaffaldano
and DeMets (2016) are shown in red. b) Histogram of the angular velocity.
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Figure 16: The angular velocity results of the California
model for different models of the coefficient of friction. The
distribution of the angular velocity of Iaffaldano and DeMets
(2016) is shown in red.

The effect of the viscosity models on the angular velocity
outcomes of the California model is the similar to the case
of the Pacific plate. Again, viscosity model 3 produces the
largest angular velocity and viscosity model 1 the lowest.
These models include an asthenosphere with the largest
and lowest thickness.

8 Analysis of Results California hy-
pothesis

As Figure 13 shows, the strength of the California plate
boundary is doubled depending on which friction coefficient
is used at 8 Ma. In any case the strength at 8 Ma is much
larger than at 5 Ma. This is consistent with the developing
boundary. The results of the torques at 8 and 5 Ma
along the California boundary have been presented. The
magnitude of the torques is what is expected for tectonic
torques. What is opposite from the Pacific model is that the
calculated torque at 8 Ma is larger than the torque at 5 Ma.
The reason for this is that at 8 Ma the boundary conditions
have been imposed in order to simulate the diffuse plate
boundary present at that time. The large coefficient of
friction leads to a large strength integral. The total torque
is the sum of the torques along the plate boundary. So even
though the modelled plate boundary is considerably smaller
than in the Pacific model, the magnitude of the strength
integral causes the total torque to be large.

The Euler vectors which describe the modelled North
American motion change have been shown in Figure 15.
The Euler poles overlap with the sampled poles from
Iaffaldano and DeMets (2016). Therefore these outcomes
are in favor of the hypothesis of the California boundary
transformation as a cause of the North American motion

Figure 17: The angular velocity results of the California
model for different viscosity models. The distribution of the
angular velocity of Iaffaldano and DeMets (2016) is shown
in red.

change. The fit is not ideal, as the 68 percent confidence
region of the model outcome lies on the outer edge of the
results from the literature. Also the 20 percent confidence
intervals are far apart. The angular velocity of the North
American plate motion change correspond well with the
result of Iaffaldano and DeMets (2016). The effect of the
different friction coefficient and viscosity input models is
similar as with the Pacific model. The calculated direction
and magnitude of the Euler vectors of the model in general
correspond well with the observed motion change of North
America. It is a likely scenario that the absolute North
American plate motion change is caused by the transforma-
tion of a diffuse margin to a fully developed strike-slip plate
boundary in California.

9 Discussion

9.1 Model setup

The model is built to represent the characteristics of the
Pacific-North America plate boundary in an accurate way.
The strength profile which is constructed along the plate
boundary depends on many different parameters. As
mentioned in the method section, assumptions had to be
made for parameters such as the heat flow of continents
and the coefficient of friction. These assumptions introduce
a factor of uncertainty. For the friction coefficient in this
study it was decided to use a relationship with sediment
thickness at the plate margin (Iaffaldano, 2012). This
resulted in several models with a plausible range of friction
coefficient values. Unfortunately not enough constraints of
the friction coefficient are available to distinguish between
the outcomes of the different input models. Furthermore,
the models do not provide an estimate for the friction
coefficient at continental boundaries. A reasonable value is
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chosen in this case. This has an especially large influence on
the results of the California model as in that case the whole
modelled plate contact exists of continental lithosphere. In
the context of modelling the strength of plate boundaries,
better constraints on the friction coefficient would reduce
the overall uncertainty of the strength integral tremen-
dously.

Another large factor of uncertainty of the strength
profile comes from laboratory measurements of ductile
deformation parameters. The measurements deviate quite
a lot between different studies. This has a large effect on
the integral of the strength profile. The model is run for
different values provided in the literature and the average of
the strength integral is taken. Therefore it accounts for this
uncertainty in a reasonable way. In general, the model of
the strength profile is set up well as it includes the varying
factors along the margin. Most input values of parameters
were constrained accurately. Where data was unavailable
or insufficient, reasonable assumptions were used.

For both hypotheses the same finite rotations were
applied to describe the relative motion between the Pacific
and North American plate. The choice of these Euler
vectors have an effect on the model results as this motion
defines the direction of the torque. The finite rotation of
the North American absolute motion has a coarse resolution
and is therefore the same for both 8 and 5 Ma. This makes
that the North American motion change is not imposed as
a condition in the model. This is rather a point of strength
than a disadvantage. The resisting force of the Pacific plate
is isolated which ensures that the torque difference solely
depends on the Pacific plate motion. The finite rotations of
Wessel and Kroenke (2008) do resolve the motion change
of the Pacific plate between 8 and 5 Ma and are therefore a
good choice for the model in this study. In the next section
the implications of the effect of the viscosity on the model
outcomes are discussed.

9.2 Viscosity

For both the Pacific and California model the same viscos-
ity values have been used as an input. As described in the
method section, a relationship with the viscosity contrast is
used to estimate the asthenosphere thickness (Paulson and
Richards, 2009). The asthenosphere thickness is included in
the matrix C in the term µa

D . In the inverted matrix C−1

the denominator and numerator are switched. D
µa

is the fi-
nal term which is included in the multiplication with the
torque difference to get to the Euler vector change. This
term shows that the asthenosphere thickness has a larger
effect on the model than the viscosity contrast, which also
can be observed in the outcome of the Pacific and Califor-
nia models. The viscosity model with the thinnest astheno-
sphere produces the lowest angular velocity, while the use
of the model with the thickest asthenosphere results in the

highest angular velocity. The viscosity structure in the man-
tle is relatively poorly understood. The tests with different
viscosity models demonstrate that small deviations of values
have a substantial effect on the magnitude of the calculated
angular velocity in this study. This should be taken into
consideration when working with such a model. Tighter ap-
proximations of the viscosity structure would help to get a
better estimation of the angular velocity change caused by
a change of torque.

9.3 The cause of the North American plate
motion change

Two different hypotheses were proposed as a possible
explanation of the North American plate motion change.
In the first hypothesis it was suggested that the rotation
of the Pacific plate has led to the motion change. The
motion change of North America caused by the torque
redistribution at the plate contact due to this event was
calculated. As it turned out, the model results did not
match the observed absolute motion change of the North
American plate. The locations of the modelled Euler poles
were far off from what was estimated by Iaffaldano and
DeMets (2016).

The second hypothesis was based on the transforma-
tion of the plate contact in California. The direction of the
North American motion change as a result of the tectonic
evolution in California corresponded much better with the
estimates in the literature. Although the fit was not perfect,
the Euler vectors from the model matched the estimated
Euler vectors well and therefore this could be a plausible
explanation for the motion change of North America. The
coefficient of friction plays an important role in the model
as it is used to simulate the boundary in California at 8 Ma.
An accurate estimate of the friction coefficient of such a
boundary is unavailable and it was chosen to test the model
for a range of values. Although the choice of this input
value has an effect on the angular velocity, the direction
of the motion does not change considerably. This means
that even though the boundary characteristics are difficult
to constrain, the model results still correspond well with
the results of Iaffaldano and DeMets (2016). Therefore the
boundary transformation in California seems to be a good
explanation for the observed absolute motion change of the
North American plate.

9.4 Rapid plate motion changes: an insight
in torques affecting plates

Every motion change of a tectonic plate is caused by a
change of torque working on that plate. In this study it has
been demonstrated how rapid plate motion changes can be
used to describe the responsible torque change. When mo-
tion changes occur within a relatively short time span (on
a geological time scale), we can assume that some torques

18



affecting the plate have remained unchanged. This is use-
ful because then only a physical description of the changing
torques is required. A more accurate description the torque
change leads to a more accurate approximation of the mo-
tion change induced by the torque difference. The approach
of Iaffaldano and Bunge (2015) has shown to be a flexible
method as it can be applied to many situations where dif-
ferent plate boundary processes play a role. This study also
addressed some current limitations which should be taken
into account while working with these models. With the
rise of high-resolution plate reconstructions, the method ap-
plied in this study is a powerful tool and can be applied in
the future to more tectonic scenarios.

10 Conclusion

With the use of a numerical model of the Pacific-North
American plate boundary different scenarios have been
tested which could explain the absolute motion change of
North America in the Late Neogene. The torque exerted by
the Pacific plate on the North American plate was recon-
structed for 8 and 5 Ma. This involved the relative motion
between the plates and the strength of the Pacific litho-
sphere at the boundary with North America. Based on the
difference between these torques the Euler vector change of
the North American plate has been calculated. The model
outcomes do not overlap the motion change observed by Iaf-
faldano and DeMets (2016). Therefore it can be concluded
that the rotation of the Pacific plate did not cause the ab-
solute motion change of North America between 8 and 5
Ma. In a second scenario, the transformation of the plate
contact in California was tested as a possible cause for the
North American motion change. The model outcomes cor-
respond well with the findings of Iaffaldano and DeMets
(2016) which suggests that this is a plausible explanation
for the North American motion change. The parameters in
the model which result in the most uncertainty of the out-
comes are the coefficient of friction of the plate boundary
and the viscosity of the mantle.
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Appendices

A - Ductile deformation parameters

The explanation and units of the different ductile parameters used in this study can be found in Table 4. For the gas
constant the value 8.314 J ·K−1 ·mol−1 is used. The parameter Vd is kept constant at 17 · 10−6m3/mol. The values of
the other parameters are shown in Table 5.

Parameter Description Unit
n Constant characteristic of the creep process −
A Material parameter MPa−ns−1

Q Activation energy J/mol
Vd Activation volume m3/mol
R Gas constant J ·K−1 ·mol−1

Table 4: Description and units of the different parameters affecting the plastic strength in the model.

Rock type n (-) A (MPa−ns−1) Q (kJ/mol) Source
Wet Quartzite 4.0 1.1 ·10−4 223 Gleason and Tullis (1995)

2.97 3.55 ·10−3 242 Rutter and Brodie (2004)
4 1.19 ·10−8 152 Luan and Paterson (1992)
4 6 ·10−11 132 Lu and Jiang (2019)

Wet Olivine 4.45 275.6 498 Chopra and Paterson (1984)
3.5 4.88 ·106 515 Hirth and Kohlstedt (1996)
4.5 2.6 498 Evans & Kohlstedt (1995)

Gabbro 3.4 5 ·109 497 Wilks and Carter (1990)
3.4 10−3.7 260 Kirby (1983)
3.4 2 ·10−4 260 Kirby (1983)

Table 5: The ductile parameter values used as input in the model.

B - Derivation of the torque balance

As mentioned in the Method section, the net torque MT is the sum of the torques caused by shallow-seated (tectonic)
forces (MN ) and the torques caused by basal-shear (asthenosphere) forces (Mb).

MT = MN + Mb

The total torque can be linked to the moment of inertia through Newton’s second law of motion. This law describes
how much an object will accelerate when a certain force is applied. In this context, the moment of inertia of a plate is a
measure for the resistance of the rotation around an axis. This leads to the following equation:

MT = Ip ·
dω(t)

dt
(18)

Where Ip is the plate moment of inertia and the vector w(t) represents the angular velocity. In most cases it is impossible
to solve Equation 18 directly. We do can get a sense of the magnitude of the value for MT at a certain moment in time.
Equation 18 can be rewritten to a first order ordinary differential equation.
An elaboration on this process can be found in the Supplementary Information of Iaffaldano and Bunge (2015). The
solution takes the form ω(t) = ωe · (1 − e−

t
τ ), where τ is the characteristic equilibrium time of the solution. An upper

limit for τ is defined as:

τ =
5R2

eρMhMDM

µm(Re − hM )2
(19)

Where Re is the radius of the Earth and DM the maximum depth of the asthenosphere. ρM and hM are the maximum
density and thickness of the tectonic plate. Finally, µm is the minimum viscosity of the asthenosphere. When Earth-like
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values for these values are chosen, a maximum value for τ can be estimated with reasonable certainty. As it turns out,
τ < 10−1 seconds. This means that on a geological timescale, the time it takes for plates to adjust to torque changes is
negligible. In other words, at every moment in time a torque balance exists:

MN + Mb = 0 (20)

C - Sensitivity Euler vectors for friction coefficient and viscosity

The angular velocity and Euler poles are shown in the histograms. The angular velocity plots are described previously
in the study. The location of the Euler poles is barely affected by the coefficient of friction models. The longitudes and
latitudes do not change at all for different viscosity models. The results of the Pacific model are shown in Figure 18. The
results of the California model are shown in Figure 19.
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Figure 18: The effect of the friction models (left) and viscosity models (right) on the outcomes of the Pacific model. The
histograms show the angular velocity and longitude and latitude of the Euler poles. Different colours correspond with
different models. The results of Iaffaldano and DeMets (2016) are shown in red.
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Figure 19: The effect of the friction models (left) and viscosity models (right) on the outcomes of the California model.
The histograms show the angular velocity and longitude and latitude of the Euler poles. Different colours correspond with
different models. The results of Iaffaldano and DeMets (2016) are shown in red.

25


